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LASER DIODES INCORPORATING DIFFRACTIVE FEATURES
Mark Meyers
ABSTRACT
Laser diode structures which incorporate diffractive
features (such as linear gratings or focusing output
couplers) have several advantages in terms of device
performance and increased flexibility. In this paper
the properties of distributed feedback (DFB) and
distributed bragg reflector (DBR) laser diodes are
compared with those of cleaved cavity fabry-perot type
laser diodes.
Analysis of the propagation of light in the waveguide
formed by the GaAlAs/GaAs/GaAlAs heterostructure will
reveal how the interaction of light with periodic
variations in dielectric interface can provide the
optical feedback neccessary for lasing to occur. The
resulting laser light wavelength
is significantly less
sensitive to the temperature and operating current of the
device than that of a cleaved cavity laser diode.
A discussion of III-V heterojunctions will allow the
investigation of optical waveguiding by layers of
differing refractive index and carrier confinement due to
different energy gaps in the different layers.
The advantages of a multiple quantum well active layer
in terms of lowering threshold current and decreasing the
sensitivity of output power to temperature will be
investigated.
Growth techniques for making GaAlAs/GaAs
heterostructures using liquid phase epitaxy, chemical
vapor deposition and molecular beam epitaxy will be
discussed.
The procedure for forming diffracting features using
either electron beam or holographic exposure of
photoresist etch masks is explained. Experimental
concerns and configurations for forming holographic etch
masks are discussed. Various etching technologies will be
reviewed with respect to their ability to transfer
submicron features into the substrate.
Finally, two surface emitting DFB laser diode structures
will be suggested and their fabrication process will be
outlined.
1.0) INTRODUCTION
The first optical laser was a flashlamp pumped ruby laser
made by T. Maiman1 in 1960. Flashlamp pumped HeNe lasers
were first reported in 19612. The first diode laser based
on electrically pumping the gain media was the GaAs current
injection laser diode. In the fall of 1962 Hall3 (working at
GE) observed the emission of coherent light from a forward
biased GaAs p-n junction placed in a resonant cavity made of
two mirrors with the diode temperature of 77k. Nathan4 and
co-workers at IBM fabricated a cleaved facet laser diode
while trying to verify Hall's work. The cleaving of the
crystal produced the optical resonator although it was not
originally intended to. Since then the majority of laser
diodes use cleaved mirrors formed along crystal planes. This
diode was also operated at 77k. These laser diodes are
known as homojunction lasers since only GaAs was used.
Early work on GaAs laser diodes was hampered by high
threshold currents (50,000
a/cm2 at room temperature), the
need for low temperature (77k) operation and the low duty
cycle, pulsed output5. At the time the lasers were made
without any current limiting oxide stripe so the active
layer across the whole laser diode was electrically excited.
This tended to cause the lasing light to be emitted from
filaments in the active layer, where the losses weren't as
great, which resulted in intensity non-uniformities across
the output aperture. This caused much higher power
dissipation and higher overall currents than an equivalent
stripe laser. Typically, the width of a laser diode would
be 2 00 /urn, with the whole width having current passing
through it. The width of the output aperture of a present
day laser diode is only 5 fjcm. This is typically limited by
a current blocking oxide stripe.
A major limitation of homojunctions lasers was the lack
of an optical waveguide to confine the light to a small
region so it could interact more efficiently with the
carriers at the p-n junction interface. In 1968 work on
single heterostructure lasers consisting of n GaAs and
p-
AlGaAs resulted in the decrease in threshold current to
4,000 a/cm2 at 300k5. In 1969 a laser diode with a GaAs
active layer sandwhiched between two AlGaAs layers was
demonstrated which reduced the room temperature threshold
current5 to 2,300 a/cm2. The double heterostructure
provides optical waveguiding and carrier confinement in the
active layer and is the basis of most present day laser
diodes.
In order for any device to lase there must be a
thermodynamic population inversion. One of the less common
methods of creating a population inversion (more
electron/hole pairs prepared to radiate than prepared to
absorb energy) in the semiconductor is to optically pump the
gain media. In this case an intense light illuminates the
semiconductor where electron hole pairs are created by the
stimulated to emit light with the direction and phase of the
light in the waveguide of the resonantor cavity- This
optical pumping technique is similiar to that used in Nd:YAG
and ruby solid state lasers. Optically pumped laser diodes
are not nearly as efficient in converting electrical energy
into light energy, but they were used early in the
development of DFB laser diodes to show feasibility of
surface emitting lasers6. The electrical to optical
conversion efficiency (differential quantum efficiency) for
injection pumped lasers is as high as 70% after the onset of
threshold current.
Presently commercial laser diodes are in widespread use.
In this paper the main emphasis will be on investigating
AlxGa(1.xAs laser diodes operating at a single frequency with
a single longitudinal mode. The output wavelengths of these
devices are normally between .78 and .83 urn. They are used
extensively for optical disks, laser beam writers and short
haul fiber optics. They are cost effective relative to
other laser technologies and have many things in common with
them. They also have significant differences.
One difference between other lasers and diode lasers is
the reflectivity of the resonantor
mirror in a gas or solid
state laser is typically 99%. The reflectivity of the
cleaved facets of a GaAs/AlGaAs laser is around 3 0% due to
fresnel reflections from the refractive index differential
at the air /GaAs interface. For light incident perpendicular
to the material interface the amplitude reflection
coefficient is given by
r = ( nair-nGaAs) / (nair+nGaAs)
where
nGaAs =3.59 nair =1.0
and the intensity reflection coefficient is
R = r2 (R = .308)
This lower reflectivity necessitates higher threshold
currents since it allows more loss per pass within the
resonator. Aluminizing the facets or coating a dielectric
reflector onto the facets leads to lower losses, but
increases the processing complexity.
Another difference between a cleaved facet laser diode
and a gas or solid state laser is that a number of
parameters are strong functions of temperature including the
wavelength, refractive indices and threshold current.
The laser threshold current is a function of temperature
(dependence of cavity length and refractive index on
temperature) , mirror reflectivity (dependence of refractive
index on current and temperature) , quantum efficiency,
intrinsic absorption coeffiecient, active layer thickness
and the confinement In the beginning of laser diode
development it was suggested that semiconductors had an
absorption coefficient which was too high to allow for
lasing, the solution to this dilema was to use extremely
short (300 urn) resonator
cavities relative to those used in
solid state or gas lasers.








r = confinement factor
R = intensity reflectance
d = active layer thickness
ai
= intrinsic absorption coeff ient
Lcavity
= laser cavity length
There are several factors that affect wavelength.
First, the refractive index of AlGaAs/GaAs is a function of
temperature and current. The refractive index as a function
of temperature is approximately given
by8
dn(t) = 4xl0_4dt





= electron effective mass
ui = radiation angular frequency
n = average refractive index of the semiconductor
The refractive index increases with increasing temperature
and decreases with increasing current.
The lasing wavelength of the diode is directly
proportional to the length of the laser cavity. The
mechanical length of the cavity is a function of temperature







= length of the resonator cavity
nGaAs
= refractive index of laser active region
m = integer
The experimentally measured laser wavelength as a
function of temperature characteristics (see Fig. 1) of a
typical, commercially available, laser diode consists of
sections with a linear slope and discontinuous "mode hops"
were the laser changes wavelength by one cavity mode spacing
(C/2L) . Changes in wavelength of the diode under current
modulation decrease the coherence of the laser light.
Coherence is related to the ability of the laser light to
interfere with itself, which is important in interferometers
and coherent communications systems.
A typical, commercially available, laser diode might
emit light through an aperture of . 2 x 5 ^m, The thin layer
is the active region thickness. The active layer is kept
thin to eliminate the possibility of intensity
distributions with higher order modes than the TEMqo mode.
A thin (.2-.3/im) active layer also decreases the threshold
current density. The width of aperture is either determined
by a current blocking oxide stripe or a refractive index
waveguide fabricated into the laser.
The diffraction resulting from the small aperture causes
the output from the laser to diverge at large angles. The
divergence is inversely proportional to the aperture size,
so that beam divergence is greatest perpendicular to active
layer. Typical, commerically available9, lasers have half
angle divergences of 34 degrees perpendicular to the active
layer and 8 degrees parallel to the active layer. These
wide divergence angles necessitate the use of a collimating
lens with a high numerical aperture to refract the light
into a plane wave. Gas and solid state lasers have output
beams which are already collimated with divergences on the
order of milliradians.
A number of the disadvantages of laser diodes can be
eliminated or their effect reduced by making more
sophisticated laser diode structures. One class of laser
diode structure that has demonstrated potential for more
demanding applications are those which incorporate some type
of periodic variation in the refractive index which forms a
diffraction grating within the body of the semiconductor.
These type of lasers include distributed feedback lasers and
distributed bragg reflector lasers. In distributed feedback
lasers (DFB) the current passes through an etched grating
near the active layer where light emission takes place (see
Fig. 2) . In distributed bragg reflector lasers current
passes through an active layer but the gratings are etched
outside the current pumped region. Light interacts with the
grating as it propagates further along the waveguide (see
Fig. 3) . Both DFB and DBR lasers can be made to emit light
perpendicular to the active layer through the top surface of
the laser or along the the
active layer depending on the
diffracting feature's spacing and profile. A surface
10
emitting laser could have an aperture of 300x200 /xm which
would create an relatively low divergence output beam
(around 1 degree instead of 34 degrees) .
DFB and DBR laser diodes offer significant improvements
in the wavelength stability and coherence of the laser light
output. The wavelength vs temperature for DFB laser diode
is shown in Fig. 4 and compared to that of a cleaved facet
laser. The DFB laser does not exhibit sudden changes in
wavelength (mode hops) and the slope of the A vs.
temperature characteristic is much less than that of a
cleaved facet laser. This is important in a number of
applications including fiber optics communications. The
dispersion and absorption of glass fibers are minimized at
certain wavelengths (1.3, 1.5 /im) and variations in
wavelength cause phase delays and pulse broadening. Laser
wavelength mode hops are associated with intensity noise in
optical data storage (like compact disks) . This is
undesireable since it makes reliable signal detection more
difficult.
There are several new technologies which would benefit
from stable wavelength laser diodes. These include coherent
optical communications, where coherent light's ability to
interfere with itself is used to modulate the light
intensity10. Position measuring devices based on
interferometers with electrical outputs similiar to linear
encoders could be built in compact packages using wavelength
stablized laser diodes. Optical systems using holographic
11
optical elements whose properties are wavelength dependent
would be more widely implemented. These applications
include compact holographic optical disk read/write heads11,
holographic based laser deflectors (hologons)
12 for laser
printers and laser lenses. Existing HeNe gas laser based
holographic bar code scanners (point of sale scanners) could
be retrofitted or replaced with laser diode based systems
which are smaller, less expensive and use less power.
Integrated optics also provide a area where DFB and DBR
lasers have unique advantages. Since DFB/DBR lasers don't
have cleaved facets they can be formed along with other
components like GaAs MESFET's or photodiodes to make an
integrated optical systems13. They also simplify the use of
diffractive input/output couplers and focusing features due
to their stable wavelength feature (the light from an
unstable laser will shift its diffracted angle and focus
point slightly with a small change in wavelength) . When
used in conjunction with an adjacent p/n junction the
wavelength of the laser can be tuned by changing the current
in the adjacent diode14. This would allow for fiberoptics
communications with multiple beams of differing wavelength
propagating in the same fiber. The beams could then be
demultiplexed using a diffractive focusing feature which
diperses the beam and focuses it onto an array of detectors,
with one detector for each channel and each channel
corresponding to a different
wavelength.
For these and other reasons it is interesting to
12
investigate the physics of distributed feedback and
distributed bragg reflector laser diodes. The paper will
consider the device physics and fabrication processes
associated with DFB and DBR laser diodes. The paper will be
divided into sections on optical propagation in
heterostructure waveguides, the conditions necessary for
lasing in a semiconductors, quantum well active layers, a
consideration of heterojunction properties, a discussion of
growth techniques for GaAs/AlGaAs laser diodes. A general
discussion of the formation of diffracting features in a
semiconductor substrate will precede the discussion of two
novel laser diode structures utilizing diffractive features.
Finally, the fabrication process for each structure will be
outlined.
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2.0) OPTICAL PROPAGATION IN HETEROSTRUCTURE WAVEGUIDES
The refractive index of Ga(i_xAl(xAs is a function of the
mole fraction x (see Fig. 5) . The refractive index can be
expressed as a function of x by15
n(x)
= 3.590 - 0.710x - 0.091X2
This effect can be used to form a waveguide for light
generated in the active region by taking advantage of total
internal reflection of light at the interface of two
dielectric media with different refractive indices. When
passing from a material with refractive index n1 to a
material with a refractive index n2 the angle of refraction





0i = angle of incidence
6r = angle of refraction
If n2 < n1 then at a certain incident angle the refracted
angle is equal to 90 degrees and no light passes into the
second media. Beyond this angle sin(er) would have to be
greater than 1, which is physically impossible. This is
known as the critical angle and light incident at an angle





In a laser diode the carriers are concentrated in the
active layer which is typically GaAs (na
= 3.59) the
14
surrounding heterojunctions are Ga(1.xAl(xAs. [Much of the
literature reports using pure GaAs active layers but many
(if not most) laser diodes use active layers of AlxGa(1.x)As
with x=.04 for longer life. In the remainder of the report
active layers using GaAs will also be assumed to be feasible
if Al ofia 9(As is used instead.] If x=.3 for instance then n2
= 3.34 and the critical angle would be 68.5 degrees. Since
the surrounding layers have a lower refractive index, light
incident with an angle greater than the critical angle on
the interface between layers is reflected back into the
active layer. Light tends to zig zag down the active layer,
reflecting off the surrounding layers at glancing angles of
incidence. In this way the active layer acts as a optical
waveguide for light generated in it.
2.1) WAVE EQUATION FOR LIGHT IN A DIELECTRIC WAVEGUIDE
Now we will consider the solutions to the wave equation
for the electromagnetic field inside the active layer. The
wave equations for propagation in an isotropic medium are
given by
V2*E - neE = 0




e = dielectric constant
Most of the energy in light is carried in the electric field
15
rather than the magnetic field16 so we will concentrate on
the electric field for the remainder of the analysis. Taking
z as the direction of propagation, y parallel to the active
layer, x is perpendicular to the pn junction, the wave
equation reduces to
a^y/ax2 + d^y/dz2 = n^d^Ey/dt2




The solution for the electric field can be found by using
the seperation of variables technique to be






f3 = z propagation constant
n = complex refractive index
The wavefront propagates at a velocity v=l/sqrt (/ie) . In
non-magnetic materials /z=/z0. If the field propagates in
free space e=e0 and the wave
moves at the speed of light c =
l/sqrt(n(f0) . If the light propagates in a medium with
dielectric constant e1 the






2.2) SOLUTION OF THE WAVE EQUATION FOR A 3 LAYER SYMMETRIC
WAVEGUIDE
The electric field in most commercial laser diodes is
polarized with its field vector parallel to the active
layer. There are several possible propagation modes for the
wave equation but the most useful one is the zero order mode
of a tranverse electric field (TEMqo) Tne TEMqo mode has
its intensity peaked in the center of the diode aperture and
is free from rapid spatial variations in intensity across
the output aperture. The far field intensity distributions
for TEMqo and several higher order modes are shown (see Fig.
6).
In the active layer at the lasing threshold current the
electromagnetic wave is not attenuated and the refractive
index is real. Within the active layer the solution for the






= refractive index in the active layer
u = 2irf = radian frequency
fi = z propagation constant in the active layer
where the first term represents a decrease in intensity as
one moves away from the center
of the active layer x=0, the
second term represents the field oscillation with time and
distance along the
direction of propagation. Fig. 7 shows
the electric amd magnetic fields propagating unattenuated in
17
the active layer.
Light is partially confined to the active layer due to
the effects of the refractive index waveguide. Any light
escaping from the active layer is rapidly dispersed. It
decreases its intensity with increasing distance outside of




^2 = pi _ n^o2 = propagation constant
ns
= refractive index of the surronding layers
The first exponential factor is related to the dropoff
in intensity of the wave as one moves further outside the
active layer, the second exponential is related to
propagation in time or along the z axis. Fig. 8 shows an
electromagnetic wave propagating outside the active layer
and results of attenuation as the wave moves further from
the active layer.
The wave described in the second solution is an
evanescent wave. There is no power transmitted across the
interface because of total internal reflection, but there is
energy flowing parallel to the boundry of the active layer.
Light in the evanescent wave penetrates only a few
wavelengths into surrounding media. The evanescent waves
can be extracted from a waveguide (like an uncoated fiber
optic cable) if a material with a refractive index
comaparable with the waveguide (glass) is placed in close
proximity to the
waveguide because light can "tunnel"
18
through the low index material into the high index coupling
material. This is known as FTIR18 (frustrated total
internal reflection) .
A graph of different intensity profiles associated with
different levels of x in the surrounding AlxGa(1.xAs and
different active layer thicknesses is shown in Fig. 9. The
drop off of intensity outside of the active layer is
evident. The overall intensity distribution is approximately
guassian.
The far field intensity distribution can be shown to be
the fourier integral of the electric field propagating in
the waveguide times an obliquity factor19.
E(0)
= (k0/27rr) 1/2e(-ikOrbos(0)/Ey(x,O)e(ikOx'sin(0))dx
2.3) OPTICAL CONFINEMENT FACTOR
The width of the intensity profile and the fraction of
light propagating in the active layer is related to the
confinement factor. The confinement factor is defined as
the ratio of light propagating in the active layer to the
total amount of light inside and outside the active layer.
This can be expressed as
r = J0d/2cos2(;x)dx
J0d/2cos2(/cx)dx +J0infcos2(/cd/2)e[-2T(x-d/2)]dx
which can be reduced
to20
r = {l+cos2(d/2)/(7[(d/2) +
(l//c)sin(/cd/2)cos(/cd/2)])}-1
An approximate form of the confinement factor is given by
19
r = 7d = 27r2(na2-ns2)d2/A02
where na and ns are the refractive index of the substrate and
the active layer respectively. The larger the difference in
refractive index between the active layer and the
surrounding layer, the larger the fraction of the light in
the active layer.
2.4) FRESNEL EQUATIONS FOR TRANSMISSION AND REFLECTION
The reflected electric field amplitude and phase of an
electromagnetic wave are altered to different degrees
depending on the angle of incidence and the polarization
state of the incident wave. The equations which describe
the reflection and transmission coefficients are known as
the Fresnel equations. If light is linearly polarized with
its'
electric field vector parallel to the plane of
incidence as in Fig. 10A it is said to be P polarized. If
its ' electric field vector is polarized perpendicular to the
plane of incidence (as it is in Fig. 10B) it is S polarized.
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2.5) ZIG ZAG RAY MODEL
Light propagating in a waveguide tends to bounce back
and forth between the the top and bottom of the active layer
in a zig zag type pattern. For light to propagate in the
waveguide the new reflected phase front must remain in step
with the original after reflection at the active layer
boundry- There are only certain angles for which this
happens. In order for reflected light to constructively
interfere with the original wavefront the optical path
difference must be an integral number of wavelengths for any
two rays. One also has to account for the phase advance
caused by the reflection from a dielectric interface (see
Fig. 11) . If one now considers Fig. 12 we can see that the
phase difference between a reflected ray AB normal to the
wavefront and a ray like CD which
is22




= phase advance at dielectric interfaces 1&2
N = integer 0,1,2 3 . . . which represents mode number
na
= refractive index





d = active layer thickness
In order to be guided a wave must meet the following
criteria
N < [2d(n12-n22) V2]/A
-
<t>J2*
and it must also give [ > crit to be internally reflected
within the channel.
The angle of exitance of light emerging from the facet of
a laser diode varies from 0 to 34 degrees. By considering
the Fresnel equations one can see the reflectivity of the
facet will vary as a function of its exiting angle. Light
incident normally on the facet sees one value of
reflectivity while light exiting the aperture at a large
divergence angle sees a reduced value. In practice an
effective value (intensity wieghted average) of reflectivity
for the aperture can be found for use in calculating
threshold currents.
Light that is incident on the dielectric interface can
be shown to suffer a lateral shift known as the
Goos-
Haenchen
shift23 if it is totally internally reflected.
22
Light incident on the interface appears to propagate a
distance
Xg = 1/7
into the heterostructure surrounding the active layer. This





2.6) BEAM DIVERGENCE FOR A DOUBLE HETEROSTRUCTURE LASER
DIODE
As mentioned previously the far field intensity
distribution of a laser diode is the fourier integral of the
electric field propagating in the waveguide. The intensity
distribution can be calculated as a function of angle from
the optical axis. A measure of the divergence angle of the
light out of the laser diode is the full angle at half the
maximum intensity. An approximate expression for the
angular divergence (in radians) perpendicular to the active
layer is given by24
(fwhm) = 4.0(na2-ns2)d/A0
for active layer thicknesses < A0/n. The beam divergence
increases with increasing thickness (up to a point) .
Normally light incident on an aperture is diffracted with
the outermost angle being inversely porportional to the size
of the aperture (i.e. smaller angles cause greater
divergence) . However, the typical active layer thicknesses
23
are on the order of . 2 to . 3 ^m in a double heterostructure
laser and are as small as 17 A for quantum wells. These
thicknesses are less than A0/2 (.39 /im) and scalar
diffraction theory is not valid for apertures of this small
size. Typical (fwhm) are 25 to 35 degrees perpendicular to
the active layer. Fig. 14 shows the divergence angle as a
function of active layer thickness for double
heterostructure lasers.
Because the light output of a typical laser diode comes
from a non-symetrical aperture the output beam is not
symetric. Typically, the angular divergence perpendicular
to the active layer is 2 to 5x the divergence parallel to
the active layer.
There are two ways to limit the extent of the emitting
aperture parallel to the junction of the laser. The first is
to form an insulating silicon dioxide (Si02) mask over all
of the laser diode except for a small stripe (typicaly 3 to
5 urn) near the center. This oxide mask blocks the current
from flowing anywhere except through the stripe (see Fig.
15) . Optical gain can only be achieved in the areas with
current flowing through. Therefore, light is amplified in
the current pumped region and attenuated outside this
region. This type of laser diode is known as a gain guided
laser.
Gain guided lasers tend to exhibit a large amount of
astigmatism (up to 30 to 40 /im) due to the different
mechanisms limiting the extent of the output beam.
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Astigmatism is the tendency for for light perpendicular and
parallel to the laser diode junction to appear to come from
different locations in the crystal. The beam waist for the
light exiting perpendicular to the active layer is at or
near the front facet. The beam waist for light exiting
parallel to the active layer is within the body of the
semiconductor. This causes difficulties is focusing the
laser light into a high quality wavefront. For instance, in
applications such as collimated beams used for free space
communications, laser beam printers, etc. or tightly focused
beams for optical disk applications, the focusing lens would
need to have sligthly different focal lengths parallel and
perpendicular to the laser active layer. This would require
an expensive and difficult to fabricate anamorphic lens or a
series of cylindrical and spherical lenses to generate very
high quality wavefronts.
An alternative to gain guided lasers is the use of a
refractive index step waveguide parallel to the active
layer. Fig. 16 is a buried double heterostructure laser
cleaved facet laser25. A n-GaAS substrate has a n-AlxGa(1.xAs
layer epitaxially grown on it, followed by a p-GaAs active
layer and a p-AlJ3a(1_yAs. A photoresist etch mask is formed
on the wafer which covers a thin (approximately 3 /xm) ridge.
The wafer is etched down below the substrate and a mesa
composed of the epitaxial layers is left standing. A
burying layer of n-AlzGa(1.z)As is then grown around the mesa.
A Si02 current blocking oxide
mask is then formed and an
25
ohmic contact is applied.
In this case the active layer is surrounded on all sides
by higher refractive index materials so the light is
confined by total internal reflection. The buried
heterostructure type laser is refered to as an index guided
laser. Index guided lasers can be made to have almost no
astigmatism. They can also be made with a near circular
output beam intensity distribution (ratio of long to short
beam axial length = 1.3). The use of a refractive index
step to define the emission aperture can also be applied to
surface and end emitting DFB lasers.
2.7) BEAM DIVERGENCE FOR A SURFACE EMITTING DFB LASER
In distributed feedback lasers the grating pitch can be
chosen so that the light emerges perpendicular to the active
layer. This allows the use of a relatively large emission
apertures and results in correspondingly less divergence.
The emmision aperture of a surface emitting DFB laser can be
as large as 300 x 200 /xm. One might want to reduce the
aperture to a 20 x 150 /iin aperture to limit the amount of
power to be dissipated in the chip. In either case the
aperture is much larger than the laser wavelength (.78 or
.83 nm) and Fraunhofer
diffraction theory can be used to
calculate the far field intensity distribution resulting
from passing through a rectangular
slit.
26
If x is the direction of propagation the intensity
pattern can be calculated from26





a and b = width of aperture in the Y and Z
direction
Y and Z = distance from the optical axis
R = distance from center of aperture to observer
Fig. 17 illustrates the coordinate system. Fig. 18 is a
graph of the resulting intensity distribution for a square
aperture. Along the a axis the zeroes of the intensity
distribution occur at
a=+m7r m=l,2 3... (/?=0)
along the p axis zeroes occur at
P=rm n=l,2,3... (a=0)
As an example consider the case of a surface emitting DFB
laser with a .78 /jm lasing wavelength and a 100 x 100 /xm
emmission aperture. If one finds the first zero in the
intensity distribution along the p axis one can calculate
the divergence angle of the first zero in the output (which















In this case the output from the surface emitting DFB
laser is almost collimated (approximately 1 degree
divergence angle vs. the 50 to 70 degree divergence from a
edge emitting laser) .
A consideration for surface emitting DFB lasers is the
desirability of a transparent electrode material such as
Indium Tin Oxide (ITO) or Cadmium Tin Oxide (CTO)
27 to allow
light to escape from the laser diode without being reflected
by metal ohmic contact materials such as gold, nickel and
their alloys. By using a transparent electrode one avoids
energy losses to absorption of reflected light in the
crystal and avoids the possibility of bright and dim bands
appearing across the laser diode as a result of fabry-perot
interference between the top and bottom of the laser diode.




= a positive integer
ncontact
= refractive index of transparent
electrode
the electrode will act as a anti-reflection coating for
light emerging normal to the
crystal surface.
28




and Streiffer30 have applied coupled
wave theory to the propagation of light in distributed
feedback and distributed bragg reflector laser diodes.
Coupled wave theory has also been used to describe Bragg
diffraction of x-rays by crystals, diffraction of laser
light by acousto-optical modulators and diffraction in
volume holograms31. Coupled wave theory has been
experimentally verified in each of these fields.
Distributed feedback laser diodes can use periodic
variations in the refractive index of the material or
periodic variations in gain to provide the Bragg scattering
of waves needed to build up the laser oscillation. In
practice it is simpler to modulate the refractive index of
the waveguide by etching a periodic surface relief into an
epitaxial layer and growing another layer on top than it is
to modulate the gain of the device. In this section we will
consider the coupled wave equations and their consequences.
The derivation will use linear approximations so it is
accurate near lasing threshold before the non-linear terms
become important at higher intensities. We will consider
the case of light propagating in a medium whose refractive
index is varying with distance and whose
gain is constant.
The wave equation for light propagating along the z axis
with its electric field polarized parallel to the x axis is
29
d^/dx2 + k^e = o




the grating spacing corresponding to this is
d = LA0/2n = Ln/p0
where
L = +1,2,3 = grating order number
n = refractive index in the waveguide
A0
= Bragg wavelength
if the light satisfies the Bragg condition then the
propagation constant is
P0
= nw0/c 2. nw/c
If one assumes the gain is small over distances of one
wavelength (a << pQ) and that the average refractive index
is much greater than the modulated part of the refractive
index (n >> nx) then the k constant in the wave equation is
given by
K2 = p2 + 2ja/? + 4/c(/?cos2(/?0z)
where
P = 2n/X




kc is related to
the strength of the backscattered wave and
is the feedback per unit length of the device. If the
feedback is provided by a refractive index variation the





There are an infinite number of possible diffraction orders
from a grating, however due to the rapid rise in threshold
current with with increasing deviation from the bragg
wavelength only two orders are of significant amplitude and
are in phase with each other. These two waves are counter
propagating in the crystal. While the semiconductor is
lasing a<0 and gain is present in the active layer. The
fields pick up strength as they propagate along the active
layer due to the prescence of gain and they scatter energy
into each other via Bragg diffraction from the grating.
The solution to the wave equation can be written as
E(z) =
R(z)e^0z + S(z)e+i80z
The previous assumptions imply the amplitudes of the waves





neglected. If one inserts the previous equation into the
wave equation and substitutes for the k constant one arrives
at the coupled wave equations
-R'
+ (a-jS)R = j/c^
S'






is a parameter which represents the departure of the
propagation constant from the Bragg condition. The
frequency depatures are small, so that p/p^l. For a laser
of length L the boundry conditions for the DFB are that at
one end of the laser one of the counter-propagating waves
has zero amplitude which builds up to maximum amplitude at
31
the other end and that the other wave has the opposite
condition, I.E.
R(-.5L) = S(.5L) = 0
If one inserts efz for R(z) and S(z) into the coupled
wave equations one obtains
-7R + (a-jfi)R = jKcS
7S + (a-jS)S = J/C.R
Solving for S in the second equation and substituting for S
in the first equation the dispersion relation for 7 can be
derived. The dispersion relation is
72 = k2 + (a-jS)2
The solutions to the coupled wave equations are of the form
R = rjeT2 + r^~iz
S = Sje^2 + s^nz
where
7
= complex propagation constant
rx,r2, sa, s2
= field coefficients
Due to the symmetry of the device there is a symmetric
{E(z) = E(-z)} and anti -symmetric {E(-z) = -E(z)} solution











For the DFB laser the longitudinal field distribution of
each mode can then be described by
R(z) = sinh[7(z+.5L) ]
S(z) = +sinh[7(z-.5L) ]
32
Fig. 19 shows the wave amplitude vs. distance for a DFB
laser operating in the lowest order mode.
If one inserts the above equations into the coupled wave





The wavelengths that satisfy the dispersion relation are
given
by32
> = Ab [(q+.5)Ab2/2nL]
where





An interesting point is the lasing light is not allowed
at exactly the bragg wavelength for index modulated DFB
lasers. Another fact is that the output spectrum will have
two wavelengths with equal intensity spaced at +0.5Ab2/2nL
from the Bragg wavelength unless modified. In Fig. 2 0 the
output spectrum near the Bragg wavelength is shown. As will
be seen later the threshold current to achieve lasing at
mode spacing of +0.5qAb2/2nL increases rapidly the further
from the Bragg wavelength (larger q) .
The coupling parameter has a large effect on the overall
intensity distribution along the laser. If the coupling is
strong [7r(na-ns) L/A 1] the light is said to be overcoupled
and the intensity distribution is peaked in the center of
the laser. If the coupling is weak [?r(na-ns)L/A l] the
33
light is said to be undercoupled and the intensity
distribution is peaked near the ends of the laser.
If[7r(na-
ns)L/A = 1] the light is critically coupled and the
intensity distribution is fairly uniform along the laser
length. In a surface emitting laser diode the intensity
distribution along the length will be directly related to
the output along the aperture (assuming a uniform coupling
constant along the laser) . In Fig. 21 the intensity
distribution along the length of the laser resulting from
different values of the coupling coefficient kc are shown.
2.9) METHODS FOR SINGLE FREQUENCY OPERATION OF A DFB LASER
By forward biasing one or two other pn junctions adjacent
to the DFB laser the laser can be made to output only one
wavelength as shown by
Yariv33
and Yamaguchi34. This effect
can be used to adjust the output wavelength of a DFB or DBR
laser. Fig. 2 2 shows a three segmented, distributed bragg
reflector type InGaAsP/InP laser diode with a section for
tuning the wavelength, an active section and a section used
for adjusting the phase of the light for maximum output and
eliminating mode hops. By shifting the phase of the laser
light in the tuning and the phase control region by the same
amount this configuration is capable of sweeping through a
wavelength range of 50 A without any mode hopping. The






where the L's are the length of each section to achieve
stable ouput. This type of laser is ideal for coherent
optical comunications sytems.
Another way to insure that only one frequency is lasing
at any particular time is introduce a 1/4 wave phase shift
three times in the waveguide by removing 1/2 of a grating
period35
at each location. The output spectrum from such a
phase shifted laser diode has only one resonance and it is
at the bragg frequency. The laser wavelength of such a
phase shifted laser diode can be tuned if it is divided into
three or four electrodes and they are modulated in a known
fashion.
2.10) GRATING SPACING AND PROPAGATION DIRECTIONS FOR DFB
LASERS
We will now consider the effects of grating parameters
on electromagnetic propagation in the waveguide. Besides
stablizing the output wavelength of the DFB laser the
spacing and depth of the diffracting features determines the
direction of propagation of the light scattered off the
grating and the efficiency of
the coupling of the light in
the waveguide into the diffracted beam. The desired
direction of propagation will determine whether the laser is
surface emitting or end emitting and will determine the
grating spacing
neccessary- As will be shown later the
35
grating spacing for end emitting lasers is half that
neccessary for surface emitting DFB laser diodes. The
grating profile (shape and depth) will effect the emission
intensity profile along the aperture of a surface emitting
DFB laser depending on whether the light is critically
coupled, overcoupled or undercoupled. It will also effect
the threshold current by increasing or decreasing the loss
due to light scattered out of the waveguide. The conditions
neccessary to optimize the grating structure for a given
desired wavelength and a minimized threshold current will
now be investigated.
In Fig. 2 3A a grating is embedded in a heterostructure
the interface between the GaAs active layer and the AlGaAs
layer with a- period of A is shown. The light is incident at
an angle to the grating. The condition for the wavefront
scattered off one tooth of the grating to constructively
interfere with with light scattered off the previous tooth
is that the optical path difference between the two rays is
an integral multiple of the wavelength of light in the








= effective refractive index in the
waveguide
b = distance to bring light from ray 2 into
into phase with light along ray 1
As can be seen in fig. 23B the distance b be expressed as
b = A*sin
36




one can see that if two gratings were made, with spacings of
Aj
= (l/2)A2, the light diffracted from the first grating
into a diffraction order mx will have the same value of as
light diffracted from the second grating into a diffraction
order where m2
=
2mr If another parameter L (grating order




for the solutions for to be real the absolute value of the
argument of the arcsin on the right must be less than or
equal to 1. The grating spacings required for the first
three diffraction orders are given by
A = LA0/2neff
first order A = A0/2neff L=l
second order A = A0/neff L=2
third order A = 3A0/2neff L=3
Typically, end emitting gratings are first order
gratings and surface emitting gratings are second order
gratings. Therefore, the grating period for surface
emitting lasers is twice that of end emitting which makes
them easier to fabricate. For a DFB laser operating at 830
nm the spacing for a first order grating
is .115 /xm and for
a second order grating .231 /zm. Both of these spacings are
below the size conviently produced with optical
37
microlithography and the fabrication proecesses become more
difficult for shorter wavelength devices with outputs at 780
or 670 ixm. As a consequence the etch masks used to produce
DFB lasers are typically formed holographically, by the
interference of two laser beams, or produced with electron
beam mask making equipment.
Light scattered by the grating propagates with an angle
0=7r/2+0 with respect to the z axis. 0 for first, second and
third order gratings is given by
L=l m=0 0=0 L=2 m=0 0=0
m=l 0=180 m=l 0=90
m=2 ^=180
L=3 m=0 <f>=0 m=2 0=109.5
m=l 0=7 0.5 m=3 0=18 0
Fig. 24 shows the scattered wave directions for the first
four grating orders.
The m=l direction for the second order grating is the
laser output which exits the laser via its top face. The
m=0 and the m=2 orders are the forward and backwards
propagating modes in the
waveguide.
In gas and solid state lasers there is large amount of
energy stored in the
resonator cavity of which only a small
fraction escapes per pass due to the high reflectivity
mirrors used (R=.99).
A similiar situation can be
designed into a surface
emitting DFB laser by having
a relatively small coupling
38
costant kc for the m=l mode and a larger kc for modes
m=0&2.
The value of kc is dependent on the difference in refractive
index between the two heterostructure materials and the
shape of the diffracting feature37. The grating can be
"blazed" in ways which couple more or less light into any
particular order (this will be discussed in greater detail
later) . Historically, blazed gratings were machined and the
blaze angle was controlled via changing the relative angles
(see Fig. 25) of the triangular groove profile until the
invention of lasers allowed the fabrication of holographic
gratings.
By allowing the grating to continue beyond the current
blocking oxide mask the effective reflectivity for the
forwards and backwards propagating modes is increased in a
DFB laser. Since each grating feature scatters some
fraction of the light incident on it the longer the grating
the larger the fraction of the incident light is diffracted.
This effect can be used to isolate DFB lasers from each
other if they are formed in adjacent arrays by allowing the
gratings to continue beyond the current pumped area of the
laser diode.
Another important consideration for light scattered by
the grating is whether it will be incident on the
semiconductor/air interface at such an angle that it will
be subject to total internal reflection or whether it will
escape from the crystal. For an air/Al fia -As interface the
critical angle c
= sin-1(l/3.34) =17.42. So that light
39
incident at greater than 17.42 degrees is reflected back
into the crystal. Since the angle of incidence in a surface
emitting configuration is 0 = 0-90 the light diffracted by
the m=l and m=2 orders of a third order grating would be
reflected back into the crystal (at this value of x with no
anti-reflection coatings) . The light from the m=l beam of a
second order grating is normally incident on the air/AlGaAs
interface and will exit the crystal if the ohmic contact
does not have a large reflection coefficient (if it is a
semi-transparent electrode, such as ITO, CTO or a very thin
metal contact) .
2.11) The Separate Confinement Heterostructure DFB Laser
Early DFB laser diodes with the feedback grating etched
into the active layer exhibited very high threshold current
densities. This was due to non-radiative recombinations of
carriers at the corrugated interface between the GaAs active
layer and the Aipa^As layer grown over the grating.
Investigators38 were able to demonstrate a 3Ox decrease in
Jth by growing a thin (.1/xm)
Al j-Ga 83As layer over the p-GaAs
active layer into which they etched the feedback grating.
This allowed the non-radiative recombination centers
associated with the dangling bonds, dislocations, and the
unsmooth interface between the etched grating and the layer
grown over it to be located away from the high carrier
concentration in the active layer.
40
The small thickness of the layer allows the grating to be
within the light profile overlap region. The intensity of
waveguided light at such a small distance from the active
layer is still high enough to provide wavelength stabilizing
feedback to the laser output after being scattered from the
grating. With the grating surface removed from the active
layer by as little as . 1 /xm there is negligible increase in
the non-radiative recombination current relative to cleaved
facet lasers although there is increased processing
involved.
The value of x in the p-Al,GA(1.xAs used to form the
grating in is optimized to satisfy a number of requirements.
The larger the value of x, the greater the refractive index
differential between the active layer and the surrounding
heterostructure. Too high of refractive index differential
will prevent light in the waveguide from overlapping the
grating on the p AlGaAs. Too low of a x value will reduce
the effectiveness of the carrier confinement due to the
smaller difference in energy gap between the GaAs and the
AlxGa(1.xAs. It is also easier to grow AlxGa(1.xAs with small
values of x uniformly on the GaAs layer.
In Fig. 2 6 two seperate confinement heterostructure (SCH)
lasers are shown. The first was grown using an all liquid
phase epitaxy (LPE) process39. The second was fabricated
using LPE for the first
three epitaxial layers and molecular
beam epitaxy for the remainder
of the
laser40
In Fig. 26A a DFB laser diode fabricated by LPE is shown.
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A n-Ga^ljAs layer 2 /xm thick is grown on the n+-GaAs
substrate. This is followed by a p-GaAs active layer .3 /xm
thick, a p-Ga 83A1 17As .1 /xm thick layer and a . 2 /xm thick p-
Ga.93&l.o-As-
At this point the device is removed from the LPE
appratus and spin coated with photoresist. The coated wafer
was then exposed to a holographically generated interference
pattern to create an etch mask with a spacing of A
=
.37 /xm
between peaks for a third order grating (used in the end
emitting mode) . The grating pattern was then transfered
into the p-AlGaAs layer using a wet chemical etching
process.
The device was then reinserted into the LPE apparatus
and a 2 /xm thick p-Ga -Al As layer was grown over the
corrugations. In the process of growing another LPE layer
on the corrugated surface some of the grating pattern is
melted before the next layer begins depositing on the
previous one (this is sometimes refered to as meltback) .
The resulting height of the grating features in the finished
laser diode is reduced from the height produced by the
etching process. In this device the depth of the grating
was .15 /xm after the final LPE growth of the p-Ga .Al .As
layer.





In the DFB SCH laser diode grown by LPE and MBE is shown
in Fig. 2 6B. A n+-GaAs substrate has a 2.0 /xm thick
N-
42
AljGa.-As grown on it by LPE first, followed by a 0.36 /xm
N-
Al12Ga88As layer, a .13 /xm p-GaAs active layer and a 0.43 /xm
P-Al 12Ga sstAs layer.
At this point a holographically generated etching
photomask was created with photoresist and etched into the
p-Al 12Ga 88As layer with a ion milling process (using Ar
ions) .
Molecular beam epitaxy was used to grow the remaining
layers because of difficulties associated with achieving
uniform surfaces on AlGaAs after it has removed from the LPE
apparatus41- In this case MBE was used to grow a 2.0 /xm
thick p-Al jGa .As layer followed by a 1.0 /xm thick p+-GaAs
layer. An ohmic contact composed of a gold/chrome alloy is
vapor deposited onto the wafer which is then diced into
individual lasers.
In general SCH DFB lasers demonstrate a such a reduction
in Jth that the SCH configuration should be used. For
distributed bragg reflector type lasers the corrugations are
not in an area where the current flows so that there is no
non-radiative recombination current to contend with and the
SCH configuration is unnecessary.
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3.0) Stimulated Emission in DFB/DBR Laser Diodes
In this section we will consider the conditions
necessary to achieve laser oscillation in DFB and DBR laser
diodes. A discussion of the Einstien A and B coefficients
will allow the analysis of the rates of stimulated emission,
spontaneous emission and absorption. The gain necessary to
achieve oscillation for a cleaved facet and a DFB laser
diode is analyzed. A discussion of losses and gain in the
heterostructure waveguide will lead to an expression for the
laser diode threshold current.
3.1) Einstien A and B Coefficents
Spontaneous emission occurs when a photon is emitted by
the recombination of a free electron from the conduction
band with a hole from the valence band. Stimulated emission
occurs when an a photon is incident on an excited electron
which recombines with a hole and is stimulated to emit a
photon with the same phase and frequency as the incident
photon. Absorption is the process by which an atom absorbs
a photon and an electron is ejected from the atom into the
conduction band.
The energy of a photon
emitted by the recombination of an





h = planck's constant = 6.63 x 10"34 J-s
For an electron hole pair to recombine they must also
satisfy the k selection rule, which requires that the k
vector of the electron and hole must be the same (ke
= kh) .
The rate of absorption of light (with photon energy of hv
= E2-Ea) by an electron in the valence band resulting in






probability of a transition from the
valence to conduction band
fv
=
probability of an occupied state in the
valence band
(l-fc) = probability of an empty state in the
conduction band
P(EVC) = density of photons with energy Evc
The probability of occupancy for the conduction and valence
band are given by the Fermi-Dirac distribution for identical
particles with 1/2 integral spin which obey the Pauli
exculsion principle. The Fermi-Dirac distributions in the







= quasi fermi level in the valence band
Fc
= quasi fermi level in the conduction band
k = boltzmann's constant = 1.3805 x 10'23 J/K
t = temperature (in degrees Kelvin)
The downward transition rate due to stimulated emission
can be expressed in a manner similiar to the absorption rate
by
rw (stim) = Bvcfc(l-fv)P(Evc)
Both the absorption coefficient and the stimulated
emission coefficient are dependent on the density of photons
in the semiconductor [P(EVC)]. The spontaneous emission rate
is only dependent on the probability of emission (Aw) and
whether there are excited electrons available to emit and
holes in the valence band available for recombination. The




At thermal equilibrium the rate of emission in the










After substituting the Fermi-Dirac probability
for fc and fv,
inserting the expression for photon density P(ECV) and some






Where Aw( B and Bvc are the Einstien A and B coefficients.
The expression for the probability B^ is related to the
quantum mechanical optical matrix element and is beyond the
scope of this paper.
An expression for the net stimulated emission rate can be
arrived at by taking the difference between the absoption








Bvc this can be rewritten as
rstim
= Bap(Ecv) (fc-fv)
substituting for P(ECV) and using the relation between BCT and
Am we can write
rs,im
= Acv(fc-fv)/[e(Wkt)_ij
Sometimes this is rexpressed in terms of the number of




When multiplied by the number of photons per state r'stim is
equal to rstim.
One other point comes out of these expressions and that
is the condition for stimulated emission is the stimulated
emission rate is greater than the absorption rate. This can
be expressed as
rcv(stim) > rvc
or Bcvfc(l-fv)P(Ecv) > B^l-fJPfEJ
since B, = Bvr. this can be reduced to
47
fc(l-fv) > fv(l-fc)
substituting for the Fermi-Dirac distributions and




I.E. the seperation of the conduction and valence band
quasi-fermi levels is greater than the photon emission
energy (this is another way of stating there must be a
population inversion in the active layer of the laser
diode) .
One other interesting point worth noting is that
r^fstim) , rcv(spon) and the absorption coefficient a are all
interrelated. The absorption coefficient is a
macroscopically observable quantity. If one wants to
measure the absorption coefficient one can determine
expressions for r^stim) and
r^spon)44
and related
quantities. The expression for the absorption coefficient
can be written in terms of r'stim as
a(E)
= (h^/S^n^r'^
3.2) CONDITIONS FOR LASER OSCILLATION IN A CLEAVED CAVITY
LASER DIODE
When a device is lasing the absorption coefficient is
negative, i.e. the light propagating in the active layer is
increasing in intensity with distance. The gain of the





= - (h*c2/ eim*2) r
>
stim
We will first consider light propagating in a cleaved
facet laser, then we will extend the treatment to include
DFB and DBR lasers.
In a cleaved facet laser as shown in Fig. 27 imagine
light with an electric field amplitude of Ej is incident on
the Fabry-Perot cavity where the field reflection and
transmission coefficients for surfaces 1 and 2 are given by
r1; r2, tj and t2. Light propagating in the waveguide
between the facets can encounter gain or loss so the
propagation constant is complex. The propagation constant
can be expressed as
$ = (n-jaA0/47r)k0
= nk0-ja/2
The electric field amplitude transmitted just inside the
first facet can be expressed as
Et=t1E1ei("Jt-,'z)
This field then propagates down the waveguide and is
incident on the second facet at which some fraction of the
light (r2) is reflected back into the cavity and some is
transmitted (t2) . We would now like to derive an expression
for the field intensity transmitted through the second
facet. As we have seen a certain amount of light is
transmitted through the second facet, but the light
reflected off the second facet propagates back down the
waveguide (under the influence of gain or loss) where it is
incident on the first facet. There some of it is reflected
back to the second facet again. If the time dependence is
49
excluded, an expression for the transmitted intensity
through facet 2 considering the multiple reflections and




L = laser cavity length
As the number of terms considered increases this expression




The condition for laser oscillation is a finite Et is
emitted with Ej=0. Physically, this corresponds to the gain
in the medium being equal to the losses at threshold and the
effect of the gain being larger than the losses after
threshold. The threshold condition arises when the
denominator in the previous expression is equal to 0. This
can be written as
rjr^-^L = 1






then, seperating the exponent into real and imaginary parts
r1r2(e-(g-Qi)Le-2Jnk0L)
= i
The amplitude (real part of the above expression) required
for laser oscillation is then given by
r1r2e-(g-'i)L = i





If r^r-^r and we use R=r2 the gain can be expressed as
g
= a,+ (l/L)ln(l/R)
This is the expression for the necessary gain to achieve
laser oscillation in a cleaved cavity laser diode. The
first term represents losses encountered in the waveguide.
The second term represents the loss of light through the
cleaved facets. Compared to a gas or solid state laser the
end losses are much higher since the reflectance of the
facets is only 30% in a laser diode but is usually greater
than 99% in a gas or solid state laser. The length of the
laser cavity is also much longer (50 to 100 cm vs. 3 00 lm)
for the gas and solid state lasers. This also reduces the
second term in the threshold gain equation.
The other condition for lasing is that the wavelength
of the light satisfy
*/2 = nGaAsL
where
L = length of the resonator cavity
nGaAs
= refractive index of laser active region
m = integer
3.3) LOSSES IN HETEROSTRUCTURE WAVEGUIDES
The intrinsic loss term can be broken into components.
Normally, the largest component is the free carrier
absorption (afc) . Free carrier absorption results from light
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scattering off mobile carriers in the waveguide and is
unavoidable. It is linearly dependent on the carrier
concentration in the layer under consideration and has
experimently
shown46 to be expressible (in units of cm-1) as
afc-3xl0-18n + 7xl0-18p
where n and p are the carrier concentrations for electrons
and holes.
Therefore, the free carrier absorption is different in
each heterostructure layer depending on doping and the
effects of carrier confinement. The free carrier absorption
has to be divided into two parts, absorption in the active
layer and absorption in the surrounding layers. The effect
of different free carrier absorption in the different
heterostructure layers can be taken into account by






= fraction propagating within the active
layer
(l-r)afcx
= fraction propagating outside the active
layer in the Al^Ga^As layers
Two other loss mechanisms must be accounted for. First
is the loss due to coupling of light into other layers which
absorb the lasing wavelength. Since the bandgap of AljGa^.
X-As is a function of x, and since the energy gap of AlAs is
much higher than that of GaAs the wavelength of light
emitted in the GaAs active layer is too long to be absorbed
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by the Aipa^As. However, if the confinement factor is
low, some light may be coupled into a GaAs layer (such as
the layer before the Au/Cr ohmic contact in Fig. 26B) which
would be heavily absorbing. The resulting loss can be
represented by qc
The final loss term is associated with light scattered
by imperfections in the heterostructure interface or by
deliberately introduced gratings. This term is denoted by
as. Imperfections in the interface between the active layer
and the surrounding heterostructure as small as . 01 /xm have
been shown to cause losses as great as 12 cm-1. For DFB
lasers as will be dominated by light scattered by the
diffraction grating.
The intrinsic loss term can then be written as
Qi
=
Tafca + (l-r)Qfcx + ac + as
3.4) CONDITIONS FOR LASER OSCILLATION IN A DFB LASER
Now we will consider the case of the threshold gain for
a DFB laser. In a DFB laser there are no mirrors, since the
fedback light is coupled back into the waveguide by bragg
scattering from the grating. In the section on coupled wave
theory we saw that if one substitutes the solution to the
coupled wave equation into the coupled wave equation and






with the dispersion relation given by
72 = k2 + (a-jS)
2
In many cases it may be necessary to find a numerical
solution for a, but in some cases reasonable approximations
can be made. For the case of a DFB laser where the gain is
much higher than the output coupling due to bragg scattering
(aKc) we can approximate 7 as
7
= (a-j5)





This expression is similiar to the expression for threshold
gain in a cleaved facet laser. By squaring both sides,
taking the absolute value
1 = [/cc2/4(a2+52)
]e-2aL
near the bragg wavelength 8a and we can write
Kc2e-2aL = 4a2
when a satisfies the above equation the laser diode is at
threshold. In this derivation 2a
= (g-a;) compared to the
derivation of the threshold condition for a cleaved facet
laser. The reflectance term in the threshold equation for a
cleaved facet laser corresponds to the term [kc2/4 (a^fS2) ] for
the DFB laser.
From the above equations we can examine the spectral
sensitivity of the
threshold gain. If if the wavelength
deviates from the bragg condition by a
= 6 the value of k2
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must be doubled to maintain the threshold gain.
The increase in the necessary threshold gain with
deviation from the bragg condition is the cause of the
wavelength selectivity in DFB lasers. The threshold is





For a given G the wavelength selectivity is inversely
proportional to the cavity length (L) . This is because
there are more grating teeth to contribute to the optical
feedback in a longer cavity.
The threshold gain necessary to achieve lasing is
reduced by having a larger kc for end emitting lasers. For a
surface emitting DFB laser we would like a large tzc for the
counter-propagating light in the active layer, but, it may
be desirable to have a smaller amount of light coupled out
of the laser through the surface (m=l mode) . Since the
diffraction efficiency is in general, a function of the mode
number and is dependent on the grating profile this may be
feasible. If the effective reflectance (large /cX) of the
counter-propagating modes (L=2, m=0 and m=2) for a surface
emitting laser is high and
the k! of the m=l mode (light
exiting the crystal)
is lower this would be effectively the
same condition as a gas or solid state laser, where a large
amount of energy is stored in the
resonator and only a small
fraction escapes per pass. This would tend to lower the
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lasing threshold current.
3.5) Laser Threshold Current and Quantum Efficiency
Two experimentally observable quantities related to
stimulated emission from laser diodes are the quantum
efficiency and the laser threshold current. The threshold
current is a function of the quantum efficiency. The
quantum efficiency is related to the fraction of excited
carriers which emit light.




R = total radiative recombination rate (# of
photons per volume per second)
a = cross sectional area of current pumped
region
d = active layer thickness
I = current through diode
q
= electon charge
(I/q) is the number of electrons per second passing through
the laser. So that r] is the ratio of the number of photons
emitted per free electron passing through the laser diode.
In Fig. 28 a typical laser diode (Sharp LT026) light
intensity vs current characteristic
is plotted. Below
lasing threshold the slope of
the line is relatively flat
(low r? for
spontaneous emission) . After threshold the slope
of the line becomes nearly vertical
(high rj for stimulated
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emission) . Because of this, the quantum efficiency after






7ext = intensity of light emitted by laser
IL
= current through laser
Therefore, 77 d is the slope of the current vs. intensity
characteristic curve for a laser diode after it reaches its
threshold current.
Laser diodes are much more efficient than gas or solid
state lasers at converting electrical energy to light
energy. Gas lasers, like argon ion lasers convert only
around .1% of the electrical energy used into laser light.
Laser diodes typically have r)d's from 20 to 70% (up to 70%
of the electrical power is converted into optical power) .
Historically, there has been a tradeoff between high quantum
efficiency and high output power in a given laser diode.
For this reason laser diodes are starting to be used as
the preferred light pumping source for solid state lasers
like the Nd:YAG lasers. NdrYAG is strongly absorbing in the
near infrared wavelengths and the light from the laser diode
can be efficiently coupled into the Nd:YAG crystal.
Recently, diode pumped NdrYAG lasers have become
commercially available. The whole package can be made very
small, and energy efficient. By including a frequency
doubling crystal in the housing (like KTP or KDP) the
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emitted laser wavelength can be halved. Since the light
from a NdrYAG laser is at 1.064 /xm the halved wavelength
output by the laser is at 532 nm, which is in the center of
the green band of visible light.
The threshold current for a cleaved cavity laser diode
is given by48
Jth
= Jrfi/r? + d/!7r0(aI+(l/L)*ln(l/R))
where J0
= current for which gain is zero and p is the gain
constant. When the gain coefficient is 0 the material is
transparent since there is neither absorption or gain.
An expression for the threshold current for distributed






= gain of the laser
r = confimement factor
W = width of the active layer
d = active layer thickness
L = laser cavity length
a;
= intrinsic loss coefficient
ae
= external loss coefficient (includes the
effect of scattering from the grating
and losses through the facets)
For the case of strong coupling (large cX) of the light
in the waveguide to the diffraction grating an expression
which accounts for the diffraction grating's contribution to
Qe is given by
Sugimura50
as
aclad= [Kc/sinh(K,L/2) ] (cosh(/cX/2)-sinh(/cX/2) )
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Fig. 29 is a plot of aX (external coupling loss) vs /cX
(light lost through the action of the diffraction grating) .
The other curve in Fig. 29 is related to the suppression of
side modes. Although the threshold current continues to
decrease with increasing kX, the suppression of the side
modes decreases after a cavity length of about 150 /xm (in
the device structure described by Kakimoto) . Since
multi-
mode operation is unacceptable in many cases an optimum
cavity length (L) can be determined based the trade off
between low threshold currents and single mode operation of
the laser. Kakimoto, et al. reported a threshold current of
3 ma using an optimized DFB structure in a InGaAsP laser
diode with a 150 /xm long cavity.
3.6) QUANTUM WELL ACTIVE LAYERS AND THEIR EFFECT ON
THRESHOLD CURRENT
One technique that has led to significant reductions in
the laser threshold current in all types of laser diodes is
the use of multiple quantum well (MQW) active layers.
Quantum Wells are thin (17 to 300 A) layers of low energy
gap materials sandwiched
between higher energy gap materials
(see Fig. 30) . For instance layers of GaAs sandwhiched
between AlxGa(1.xAs. The thickness of the layers is so small
that the carriers in them behave as if they are confined to
a two dimensional plane. If the thickness of the layer is
less than the de Broglie wavelength of the carriers then
Quantum Size Effects (QSE) can be observed. The de Broglie
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wavelength can be found from51
>d
= h/p
where p is the magnitude of the carrier momentum and h is
Planck's constant.
Quantum size effects are related to the behavior of
the carriers when they are trapped in a two dimensional
potential well. Particles in an infinitely deep potential
well can be described by Shrodinger's equation and can be
shown to have discrete, quantized energy levels at which
they can
exist.52 If the potential well is infinitely deep
the carriers are completely confined in the well (their
wavefunctions = 0 at the boundry of the well) . The
potential well in a GaAs/AljGa^As quantum well is
definitely not infinite (it can be a maximum of .739 eV at
room temperature) so that wave equation for the confined
carrier is modified so that the wavefunction extends past
the potential well boundry- The allowed energy of a two
dimensionaly confined carrier in an infinitely deep quantum
well (with Lz Ly, Lx) is given
by53






(n7r/Lz) = quantized wavevector for confined particle
m*
= carrier effective mass
Lz
= thickness of the quantum well
From this result it can be shown that the density of
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states for carriers in a quantum well is independent of
electron energy, but is a function of the excitation mode
number (n) . This gives the density of states its stair step
type nature (see Fig. 31) . This stairstep density of states
allows for high optical gain even at low currents because
for an electron hole energy seperation at the bottom of the
conduction band there will be a large concentration of
carriers in the flat bottomed quantum well density of states
compared to the carrier concentration at the bottom of the
parabolic density of states for a bulk semiconductor.
The modified density of states, a high degree of
carrier and optical confinement in the quantum well and a
smaller total active layer volume (which lowers intrinsic
absorption losses) combine to create devices with low
threshold currents. MQW laser threshold currents are more
than an order of magnitude lower than that of standard
commercially available devices. Threshold currents as low
as 0.5 ma have been
reported54 for laser diodes with MQW
active layers.
The carrier confinement and optical confinement are
increased in the quantum well because a relatively large Al
(for instance, 36%) concentration can be used between the
GaAs layers. This gives a large difference in refractive
index and energy gap between the various layers which
results in better confinement. The intrinsic absorption is
lower since the volume of GaAs in a MQW structure would
typically be less than in a conventional double
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heterostructure laser. Typically a MQW laser would consist
of (see Fig. 32) of 5 or more Al,Gaa.xAs layers with
thicknesses on the order of 100 A and 4 or more GaAs layers
with thicknesses of around 80 A. In this case the
thickness of GaAs in the active layer would be .032 /xm.
Because of the step like density of states
characteristics for MQW active layers the threshold current
is less dependent on temperature than the threshold current
for lasers with bulk active layers. This is due to the
fact that as the energy gap varies with temperature, the
carrier concentration is more dramatically effected at the
curved bottom of the parabolic density of states
distribution for a bulk semiconductor than at the flat
bottom of the stepped density of states for a MQW active
layer. The variation of the band gap energy with
temperature (in degrees Kelvin) for pure GaAs is given
by55
Eg(T) = 1. 519-5. 405xl0"4*T2/(204+T)
The effect of temperature on threshold current in a






= current density at 0 c
T0
= characteristic temperature depending
on active layer type (bulk or quantum
well)
Fig. 33 shows the normalized threshold current density
vs. temperature for a double heterostructure laser and for a
MQW laser. T0 for bulk active
layer lasers is 104 c while
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for quantum well active layer lasers T0 is 285 c.
This sensitivity to temperature makes it necessary to
monitor the laser output power with a photodiode if one
wants to maintain a constant power level with the laser
diode being modulated with a random duty cycle (as it is in
fiber optic communications, laser printers and optical
disks) .
The magnitude of threshold currents obtainable with MQW
active layers may allow the use of thresholdless laser
operation. Normally the laser must be biased to operate
between it's threshold current and its full on current for
high speed operation. Thresholdless digital transmission
systems will have a pulse delay (t(j) introduced, the





= carrier liftime, Ith is the threshold current and
I is the full on current. Pulse delay times of less than .2
nanoseconds can be achieved with low threshold operation.
Quantum well technology requires aburpt interfaces of
high surface quality. Major advances in quantum wells
arrived when molecular beam epitaxy became practical. With
its atomic layer smoothness and its precise control of layer
thickness MBE allowed major breakthroughs in new quantum
well device physics. Since then it has been shown that
metal-organic chemical vapor deposition (MOCVD) can also be
used to grow quantum wells.
Multiple quantum well active layers can be used in
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cleaved facet laser diodes, DFB and DBR laser diodes.
In
each case the threshold current will be lowered and the
temperature dependence of threshold will be decreased.
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4.0) Heterojunctions and Heterostructure Materials
Heterojunctions are formed when 2 different
semiconductors are brought into physical contact. They can
have either the same conductivity (isotype heterojunction)
or opposite the opposite conductivity (anisotype
heterojunction) . In this paper we will concentrate on the
GaAs/Aipa^As system of materials, since it is used
extensively for .78 and .83 /xm laser diodes.
GaAs and AlxGa(1.xAs form crystals with the zinc-blende
unit cell (see Fig. 34) . Each Ga or Al atom is surrounded
by a tetrahedron of four atoms of As and each As atom is
surrounded by four Ga or Al atoms. AlxGa(1.xAs is formed when
a fraction (x) of the total number of possible Ga sites are
occupied by Al.
One major reason for the success of GaAs/Aipa^As
heterostructure devices is that the spacing from atom to
atom (lattice spacing) is nearly equal for all alloy
compositions from GaAs to AlAs. This helps to greatly
decrease the number of defects and dislocations at the
interface between layers with different alloy compositions.
In fact as the composition of AljGa^As goes from GaAs to
AlAs the lattice parameter varies only from LGaAs
= 5.65325 A
(27 c) to La^
= 5.6605 A (0 c) . This represents a
variation of less than .01 A over all compositions.
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4.1) Bandgap of the GaAs/AljGa^As System
AlAs and GaAs have different energy gaps and
different refractive indices. Alloys of AlxGa(1.xAs tend to
have refractive indices and Egap's that vary to a first
approximation, linearly with the mole fraction x (below
x=0.45) .
In Fig. 35 the energy gap for AljGa^As with various mole
fractions from x=0 (pure GaAs) to x=1.0 (pure AlAs) is
shown. The energy gap for the r direction (which represents
the direct gap conduction band energy) varies with x as
Egr(eV) = 1. 424+1. 247x
for x < .45. When x >.45 the direct gap energy associated
with the r direction is greater than the energy needed for
conduction in the indirect gap X direction. After x >.45
the crystal becomes an indirect gap crystal. In an indirect
gap crystal the conduction band minima is not located
directly over the valence band maxima. In this case any
excitation of an electron into the conduction band or
recombination of electron hole pairs must be assisted by
scattering from a phonon (or photon) . This need for phonon
assitance significantly reduces the probability of
recombination or excitation. Consequently, almost all
light emitting semiconductor
devices have direct gap
semiconductor active regions.
An exception to this rule is in materials like GaP which
is an indirect gap semiconductor
used to make LED's. If GaP
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is heavily doped with a deep level donor (like Zn or 0)
light can be emitted when electrons from the deep level
donors recombine with holes from the valence band.
Fig. 36 shows the band structure of GaAs. This is a
plot of electron energy vs the momentum wavevector k along
the [100] and [111] directions. Notice the splitting of the
valence band into a light hole band, a heavy hole band and a
split off band. Normally we are concerned with carriers in
the light and heavy hole band (since there are more carriers
here than in the split off band for a given fermi energy)
and an average effective mass is used to represent the
effect of different masses in the light and heavy hole band.
Electrons and holes in a semiconductor move under the
influence of an electric field as if they were free carriers
with an effective mass of m*. The effective mass electrons
is given by57
= (h/2x)2*[l/a2Ec(k)/3k2]
for holes it is given by
= (h/2^)2*[l/a2Ev(k)/3k2]
From the above equations we can see that the greater the
curvature of the E vs k curve, the greater the effective
mass of a carrier in that band. The effective masses for
light and heavy holes is GaAs
are58
mhl*
= 0.082m0 (weaker curvature)
mhh*
= o.45m0 (stronger curvature)






4.2) Density of States for Bulk and Quantum Well Structures
The density of states in a semiconductor represents the
number of possible carriers at a given energy level. For a
standard semiconductor the energy vs momentum wavevector
relation is given by59
E = (h2/87rm*) (k^ky^fk^)
and the corresponding density of states [N(E)] is given by




= number of equivalent minima in the
conduction band
m*
= effective mass for carrier
Ec
= conduction band energy gap
h =
h/2n-
where h = Planck's constant
From this one can see the density of states and the energy
vs. momentum wavevector are functions of the semiconductor
under consideration and they will vary from heterostructure
layer to layer. We can also see that the density of states
for a bulk semiconductor has a parabolic (or quadratic)
dependence of E vs. k. This distribution is modified
slightly if the material is heavily doped to have bandtails
which extend below the bottom of the conduction band (known
as the Hyperlain-Lax bandtails) .
As mentioned previously the E vs. k characteristic for
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quantum wells is given by





The density of states for a quantum well is given by60
N(E) = nm*/27rh2Lz
There is a dependence of the E vs. k characteristics and
the density of states [ N(E) ] on which heterostructure
layer the carrier is in. This is due to the difference in
the effective mass in the different materials.
There are several parameters associated with Al^Ga^As
which are functions of the mole fraction x. The most
important of these are the energy gap, the refractive index
and the lattice constant of the material.
As mentioned earlier the lattice spacing is nearly
constant for all values of x (this is not the case in
general for III-V compounds, but represents a fortunate
coincidence for AljGa^As) . The consistency of lattice
spacing with composition leads to high quality, defect free
interfaces between the heterostructure layers with minimal
processing difficulty. This fact probably accounts for why
AlGaAs is the most technologically mature of the III-V and
the IV-VI heterostructure material families.
The variation of energy gap with x was shown in Fig. 35.
For x < 0.45 AlxGa(1.xAs is a direct gap material. After x >
0.45 AljGa^As still conducts current but it will not emit
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any light. The variation of energy gap with x is
used to
concentrate the free carriers in the active layer so they
can participate in lasing.
The variation of refractive index with x is shown in
Fig. 5, and is given by
n(x)
= 3.590-.710X+0.091X2
the dependence on x is linear to a first approximation. As
mentioned previously the variation of refractive index with
x is used to form an optical waveguide which confines the
laser light to the active layer and decreases the lasing
threshold.
4.3) Hetero junction Physics
The physics of p-n junctions has been covered
extensively by authors such as Sze61, and Mueller and
Kamis62. If a semiconductor is doped with donors (n type)
it will have excess electrons and its fermi enery will be
near the edge of the conduction band. If it is doped with
acceptors (p type) it will have excess holes and its fermi
energy will be near the edge of the
valence band. If a n
and a p type semiconductor are
brought together the fermi
level must remain constant throughout the crystal. Since
the fermi level is near the conduction band in the n type
material and near the valence band in the p type material
the energy bands must bend
about the fermi level as shown in
Fig. 37. This band bending causes a built in potential to
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be formed which seperates the excess electrons in the n
region from the excess holes in the p region. This built in
potential has an electric field associated with it which
depletes a distance xp in the p region and a distance xn
in
the n region (the value of xn and x are dependent on
doping) . Fig. 37 shows the depletion width, the charge
density due to uncompensated impurities in the depletion
region, the electric field and the built in potential for an
aburptly doped p-n junction made from the same
semiconductor .
In heterostructure devices the fermi energy must remain
constant throughout. However, the energy gap of each
adjacent layer can be different. For heterojunctions the
convention has been adopted to use a capitol N (or P) for
the larger E material and a small n (or p) for the smaller
E material. Using this notation a double heterostructure
laser diode would be designated as
N-Al^Ga^As/p-GaAs/P-
AlyGa^yAs.
A n-N and a p-P heterojunction is shown in Fig. 38. The
difference in energy gap is observable as the change in the
width of the forbidden region. The variation in the energy
gap of the two materials
causes band bending to maintain the
fermi level constant throughout the crystal (3F/ax=0) . For
isotype heterojunctions the magnitude of the band bending is
relatively small but the discontinuity in Eg at the
interface causes a spike for the n-N case and a rounding off
for the p-P cases. The built in potential (Vd) for a p-P
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= fermi levels of material 1&2 when
seperated
Evl,Ev2




= difference in valence band energy
A similiar expression can be derived for the n-N
heterojunction .
For the p-N and n-P cases the band bending is much
greater. Fig. 39 shows the band structure for p-N and n-P
heterojunctions. A spike is observable at the conduction
band edge of p-N heterojunction, while a rounding of the
band corner is observed for the conduction band in the n-P
case. The built in potential for a n-P is given by
Vd





energy gap in the N material
The magnitude of the spike at the heterostructure interface
is affected by the magnitude of the doping level and by any
grading of the doping at the interface. With high doping
levels encountered near the active layer of laser diodes
these spikes may be less pronounced.
We can now consider the energy band structure in a
N-
Al^Ga^As/p-GaAs/P-AljGa^As double heterostructure laser
diode. Fig. 40 shows the energy band for a double
heterostructure laser diode under 0 bias and under forward
bias. Under forward bias there are holes trapped in the
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valence band of the p-GaAs layer and there are electrons
trapped in the conduction band. These trapped carriers
recombine when stimulated to emit a photon by an incident
photon. From the figure we can see the double
heterostructure configuration provides confinement of both
majority and minority carriers in the active layer.
The trapping of carriers in the active layer creates a
population inversion of more free carriers ready to emit
than bound carriers capable of absorbing light. This is the
region of the laser diode that has gain instead of loss.
Another unusual property of the double heterostructure
laser is that carriers (electrons for example) are injected
from an area of lower carrier concentration (P-AljGa^As)
into an area of higher carrier concentration (p-GaAs) while
under forward bias. This is known as superinjection.
The refractive index and energy gap profiles for a
seperate confinement, double heterostructure laser diode are
shown in Fig. 41.
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5.0) Epitaxial Growth Technologies for GaAs/Al,Ga(1_xAs
In this section the various methods of forming epitaxial
layers on GaAs substrates will be outlined. There are three
major methods used to form epitaxial layers of III-V
compounds. They are liquid phase epitaxy, molecular beam
epitaxy and chemical (metal-organic) vapor phase deposition.
5.1) Liquid Phase Epitaxy
The oldest method is liquid phase epitaxy (LPE) . In
liquid phase epitaxy a GaAs substrate is held in a sliding
graphite boat (see Fig. 42) which can be brought into
contact with several different molten solutions which are
composed mainly of Ga with small concentrations of As, Al
and the desired dopants. The apparatus is surrounded by a
"heat
pipe" type furnace which maintains the graphite boat
temperature at 800 c. The graphite boat and the furnace are
enclosed in a fused silica tube which contains an atmosphere
of H2 during epitaxial growth. To start the growth process
the entire apparatus is slowly cooled from 800 c. [Normally,
a precursor substrate is placed in front of the desired
wafer in the graphite boat. This is used to pick up
contaminates and help assure better layer uniformity on the
desired wafer.] The solubility of
the dilute components of
the solution decreases with temperature so as the solution
is cooled the dilute components deposit out of the liquid
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(with a corresponding amount of Ga) onto the substrate. The
thickness of the layer is proprotional to the time in
contact with the substrate. [Except for very short growth
times where the layer thickness is proportional to the
square root of the growth time. ] The wafer is moved from
one molten solution (with a given composition) to the next
(with a different composition) where the time the wafer
spends under the solution determining the thickness of the
given layer and the number of solutions determining the
number of layers. When the process is finished the fused
silica tube is evacuated and purged with N2, after which the
graphite boat can be removed.
LPE has been used extensively for the fabrication of
laser diodes. Interfaces made with LPE have a acceptable
level of non-radiative recombination centers for low
threshold operation. The limitations of LPE are associated
with repeatability of the layer thickness, concentration
control batch to batch, surface morphology and the
fabrication of aburpt interfaces.
When making thin layers (around 0.1 /xm) , such as the
active layer, the thickness growth rate is related to the
square root of the growth time, the temperature and the
local concentration of the solution. For thin layers the
time is so short that any variability in growth time causes
an error in layer thickness.
A more difficult to control phenomena is local
concentration gradients of the dilute components of the
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solution. As a layer is grown the dilute components are
used in forming the epitaxial layer. Since it is desirable
to minimize turbulence and, therefore, convection in the
molten solution to achieve good surface morphology it is
possible to have a reduced concentration of the dilute
components compared to their intial values at the epitaxial
growth interface since the transport of the dilute
components to the surface is very slow.
The surface smoothness produced by LPE is worse than that
produced by MOCVD or MBE64. This surface roughness causes
losses due to scattering at the interface between the active
layer and the surrounding double heterostructure layers.
The quality of the epitaxial layer is also dependent on
the orientation of the substrate relative to horizontal.
Defects such as stairsteps and risers can result if the
substrate is not oriented correctly.
Since LPE involves placing the wafer in contact with
molten solutions there is always a small amount of the last
layer melted before the next layer starts to form. This
causes a transition region from one layer to the next to
form which has a composition which is intermediate between
the compostion of the previous layer and the steady state
composition of the layer being grown. The remelting of the
previous layer is referred to as meltback. Meltback causes
a reduction in the height of gratings used in DFB lasers
which are etched into the seperate confinement AlxGa(1.xAs
layer. It can also modify the profile of the grating teeth,
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which would effect the coupling coefficient k,c (especially
for blazed gratings) . Several investigators have used LPE
to grow the first three layers of a seperate confinement DFB
laser and used MBE or MOCVD to grow the layers after the
grating is etched into the P-Al^a^As layer of the SCH
structure to avoid the effects of meltback in LPE.
5.2) Metal-Organic Chemical Vapor Deposition
Another method is metal-organic vapor deposition (MOCVD) .
This involves the decomposition of various metal-organic
gases when heated. Fig. 4 3 shows a typical MOCVD reactor.
A typical process would use trimethyl gallium reacting with
arsine gas to form GaAs. I. E.
Ga(CH3) 3+AsH3 =H2> GaAs+3CH4
doping is performed by introducing organometallics, or
hydrides into the chamber65 during the reaction.
With MOCVD the control of layer composition and thickness
is excellent and repeatable because of the high precision
and accuracy of mass flow
controllers used for regulating
the amount of each gas injected into growth chamber. This
precise regulation allows very thin (17 A or greater)
layers to be grown for quantum well applications. It also
allows accurate grading of the composition of an epitaxial
layer with thickness by varying the ratio of injected gases
with time. The interfaces formed by MOCVD can be very
aburpt since the reaction for one layer can proceed to
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completion before the reactants for the next layer are
introduced into the chamber.
A number of the gases used in MOCVD are highly toxic so
great care must be taken to eliminate safety hazards.
5.3) Molecular Beam Epitaxy
The last method is known as molecular beam epitaxy
(MBE) . In MBE the constituent elements (Ga, Al, As and
various p and n dopants) are placed in sperate effusion
ovens which are located in a vaccum chamber (see Fig. 44) .
The ovens have a opening on one end which faces the GaAs
substrate. This opening is covered by a mechanical shutter
which is opened and closed for a time depending on the
desired thickness of the layer being grown. As the material
is heated some of it evaporates, some of the evaporated
material is ejected towards the subtrate. Due to the high
vaccum in the chamber the mean free path of the ejected
particles is very long and they can reach the substrate
without colliding with other molecules.
J. R.
Arthur66 showed that As would not stick to a GaAs
substrate unless there was Ga available to combine with it.
This implies there is a reaction between the Ga and the As
atoms to form GaAs molecules before they bind to the
surface. By using Al and Ga molecular beams which have
their intensity ratios balanced to give the desired mole
fraction (x) for AlxGa(1.xAs the composition of the various
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layers can be varied. The molecular beam intensity for a
given element can be changed by varying the temperature of
the seperate effusion ovens. When the ejected atoms land on
the substrate they condense and form epitaxial layers.
MBE produces an atomically smooth surface, with very
abrupt epitaxial layers. There is no unintentional grading
of layer composition with MBE (or MOCVD) as in LPE. MBE has
been the main technology used in the fabrication of quantum
well and multiple quantum well structures due to its
excellent thickness control and high quality interfaces.
Early work with MBE suffered from a variation of layer
composition from the desired value for a fraction of the
layer grown immediately after opening a shutter for a given
effusion oven. This was due to thermal transients which
were created by opening the one end of the oven to the
cooler evacuated chamber enviroment. By reorienting the
shutter so that it deflected the atoms away from the GaAs
substrate instead of shutting off the oven from the chamber
seems to have eliminated (or reduced in severity) this
problem. Early work on MBE seems to have implied a
difficulty in achieving a precisely graded interface. This
was probably associated
with the thermal transient issue and
may have been resolved.
MBE growth tends to proceed at a rate of .5 to 2.0 /xm/hr.
This is very slow, so for high
volume production of LED's
and laser diodes MOCVD and LPE seem to be used more often.
[LPE can produce growth rates of up to 10 /xm in 10
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minutes.67] However, the slow growth rate of MBE allows
very precise control of epitaxial layer thickness.
The precise thickness control of MBE and the very small
thicknesses (17 A) achievable through MBE, combined with
the ease of tailoring the mole fraction, x, of AlxGa(1.xAs
have led to a particularly interesting configuration known
as the GRIN-SCH laser (graded refractive index seperate
confinement heterostructure) 68. By varying the thickness of
alternating layers of GaAs and Al,Ga(1_xAs the energy gap and
refractive index can be adjusted between the values for GaAs
and those of AljGa^As. If the thickness of the Al,Ga(1.x)As
layers are increased quadratically and the thickness of the
GaAs layers are decreased quadratically the resulting
refractive index profile is graded parabolically- The
parabolic refractive index profile is a very good waveguide.
Since the device is made using MBE a quantum well active
layer (with its low lasing threshold current and the
insensitivity of the threshold current to the device
temperature) is fabricated during the growth process. Fig.
45 shows the refractive index profile and the variation of
layer thickness to produce the GRIN SCH structure.
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6.0) Forming Diffractive Features on GaAs and AljGaaxAs
Substrates
In this section we will consider the formation of
diffractive features in photoresist and the transfering of
those features into a semiconductor substrate via etching.
There are two ways to form the submicron features necessary
for first and second order gratings in DFB or DBR lasers.
The first is electron beam writing technology and the second
is holographic exposure technology.
A discussion of the types of etching which have been
successfully used to transfer the photoresist etch mask into
the semiconductor substrate will follow. In order to
achieve a reasonable coupling coefficient kc the grating
depth to grating spacing aspect ratio has to be maintained
at a relatively high value (.5 to 10.0). The two etching
types most widely used for fabricating gratings in DFB and
DBR laser diodes are ion enhanced plasma etching (using CI
ions) and crystallographic wet chemical etching using a
photoresist etch mask aligned with the slow etching planes
of the crystal.
6.1) Photomask Formation using an
Electron Beam Writer
Electron beam writers are similiar to scanning electron
microscopes (SEM) in that a beam of electrons is focused by
a magnetic lens to a point and it is deflected in the x and
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y planes by two, time varying, magnetic fields produced by
two electromagnetic coils oriented at 90 degrees to each
other. In a SEM the beam intensity is constant and the
amount of current absorbed or reflected by the sample is
monitored to form an image of the object under test. The de
Broglie wavelength of the electron can be very short Ad
=
0.05 A (at 50 kev) and it can be varied by changing the
electron beam kinetic energy (which is related to momentum
p=( (2mKE) V2) since the de Broglie wavelength is Ad
= h/p) .
For an electron beam writer the electron beam intensity
is varied with time as the beam is swept across the
wafer.69
In this way the image of the desired photomask is formed in
the electron sensitive photoresist one pixel location at a
time, much as an image is formed by a laser printer or a
CRT. The spot size of an electron beam writer can be as
small as . 1 /xm (1000 A). This size will allow direct
writing of linear fringe
patterns with square wave profiles
for first and second order gratings.
The E-beam writer can only cover a small field of view
(lxl mm) so the wafer must be
translated relative to the
writer. This can be done accurately if a positioning system
which uses an interferometer for distance monitoring is used
to control the translation (within 300 A) and determine the
relative position of the stage.
The command software used for making chrome on
glass
photomasks for integrated circuit manufacture is typically
oriented towards drawing straight line segments and
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rectangles. There is some difficulty if one wants to use a
curved fringe pattern (which would be neccessary if one was
forming a focused output beam) in the diode structure since
one has to translate the curved fringe into series of short
segmented lines. This can be done in software with some
effort, however. Compared to the holographic approach the
E-beam writer is slower since the whole wafer can be
processed simultaneously when using holography.
6.2) Photomask Formation using Holography
The interference of two laser beams can be used to
provide grating fringes as small as A|aser/2n. Photoresist is
sensitive to light with wavelengths of less than 460 nm. By
using Argon ion, Nitrogen or HeCd laser with light output in
the blue to ultraviolet range to form interference fringes
the photomask for a whole wafer can be formed
simultaneously. By providing a collimated reference beam
and an object beam with focusing power a photomask can be
fabricated which will produce laser diodes whose outputs are
focused to a point either within the semiconductor (for
integrated optics) or perpendicular to the surface.
If two plane waves are incident onto a surface the
resulting intensity pattern can be found by summing the
electric field amplitudes and squaring to obtain the
intensity pattern, i.e. if we let z be the optical axis and
assume two wavefronts propagating at angles @1 and 2 with
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= field amplitude coefficients
if we neglect the time dependence and set z=0 at the plane
of observation, the intensity pattern formed along the y
axis in a region where the beams overlap can be found from
I(y) = (E1+E2) (E*+E2*) =
E1E1*+E2E2*+E1E2*+E2E1*
I(y) = A12+A22+A]A2eJ(2,rA)(sinei-sine2)y+AiA2e-J(2,r^Xsin01-sine2)y




A = A/ [nfsinQj-sin^ ]
=
grating spacing along y direction
if the field amplitudes are equal (A^A^Aq) and if the beams
are approaching the optical axis symmetrically (^-^ the
expression for the grating spacing can be rewritten
A = A/(2n*sin0)
By immersing the exposed substrate in a high index fluid one
can make gratings with spacings less than A/2.
The resulting intensity distribution is given by
I(y) = 2 (Ao^Aq^os (Ky) )
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For the case of equal beam intensities, I(y) varies from 0
to 4A02. This is the optimum for creating high fringe








6.3) Photomasks for Diffractive Optics
If one uses holographic exposure techniques one can
utilize a large body of technology associated with the
fabrication of holographic optical elements (HOE's).
Holographic optics is a rapidly progressing field judging
from the large number of articles, journals and books
recently published in this area70. (Some of this technology
is being implemented using E-beam writers.)
Holographic optics use periodic variations in refractive
index (volume holograms) or microscopic surface relief
features to focus or diffract light (see Fig. 47A+B) . By
varying the periodicity of the diffracting features light
can be focused into converging or diverging wavefronts.
This can be seen by examining the grating equation where
the spacing is allowed to be a function of
position in the






where j and x are the angles of
incidence and diffraction.
One can see that if the angle of incidence is held constant
and the spacing is a function of
position in the aperture
the light incident on different parts of the aperture is
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diffracted at different angles. Fig. 48 shows a amplitude
modulated HOE with fringe spacing that decreases towards the
edge of the lens aperture. This causes light incident on
the edge of the HOE to be bent more than light incident on
the center. This is a HOE equivalent to a lens with a
positive focal length.
HOE ' s can be formed by recording the pattern generated
when plane waves, spherical, cylindrical or aspherical waves
interfere. [ie. the wavefronts used can be of any
geometrical form] .
This property allows the use of computer generated
holograms (CGH's) to form wavefronts of arbitrary shape to
correct abberations in the output of laser diodes
(astigmatism) or to focus the light more precisely for
various applications.
The wavefronts can also be produced by glass lenses or
reflectors. In some cases it may be desirable to combine
multiple glass lens elements with different focal lengths at
various spacings in a multi-element lens to produce a given
wavefront71. This is because glass lenses are readily
available and easy to use.
Computer generated holograms are amplitude transmittance
based HOE's. The location of the intensity minima for an
arbitrary wavefront when
interfered with a plane wave, which
is incident at an angle (i. e. tilted), see Fig. 49, are
calculated at each point where the phase changes by 2tt (i.e.
A0
= 27rn) . The resulting phase condition
is given by
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A0 = (2tt/A) [x*sin + W(r) ]
where
W(r) = arbitrary wavefront of interest
substituting and rearranging
[x*sin + W(r) ] = nA
where n=fringe number (integer) . If a plane wave is
incident on the CGH at an angle the wavefront W(r) is
generated by diffraction. This wavefront can be used in
forming integrated optic HOE's (see for instance
Siegelson72) . The wavefront has to be spatially filtered to
seperate the desired diffracted order from the undiffracted
light and light in undesired orders73 because amplitude
based holograms only diffract 6% of the incident light into
the correct diffraction order.
One of the major advantages of CGH based HOE's is that
they can be formed using aspheric wavefronts. The surface
sag of an aspheric wavefront is representable by a
polynomial of the form




cv = wavefront radius of curvature
p
=
y^fz2 = radius in the HOE aperture
A2 through A10
= aspheric coefficients
These aspheric terms allow for more degrees of freedom in
forming high quality output beams
and correcting
aberrations74. This is can be especially useful since in
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integrated optics there is a great desire to minimize the
number of features incorporated into a structure and
aspheric surfaces allow for a reduction in the number of
surfaces needed to produce a high quality wavefronts
(compared to spherical surfaces) .
If one uses surface relief diffractive elements a linear
ramp in the height of the grating feature (as shown in Fig.
47B) is maufacturable using multiple mask contact
photolithography and plasma ecthing. The pattern consists




f = focal length of diffractive element
m = ring number
for fA0 this can be approximated as
rm
= (2mA0f)1/2
These rings have a linear ramp in height perpendicular to
the surface. The height of the step for maximum diffraction




= refractive index of the lens
n2
= refractive index the lens is immersed in
This technology can be used to etch a diffractive focusing
element into a semiconductor substrate or a waveguide.
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6.4) Experimental Considerations for Making Holograms
To make good holograms a number of conditions should be
met. They include the use of a single frequency laser with
a long coherence length and time (related to the distance
and time over which light from the original beam can
interfere with itself if its amplitude is split and
recombined with either a change in optical path length or a
time delay introduced) . An argon ion laser with an etalon
included in the resonator cavity produces light with a
coherence length on the order of 1 kilomenter. It is also
desirable to have a highly polarized output from the laser
(usually highly polarized light is emitted from a gas
laseielectric media with different rdue to the use of
brewster windows on the gas discharge tube) . This is
because the fringe patterns formed by light with s and p
polarizations are slightly different for the very fine
features being considered here.
It is also critical the laser have very good beam
pointing stability since if the laser beam moves the fringe
pattern on the photoresist will move. If the fringe pattern
moves by as little as d/2 on the photosensitive medium the
contrast ratio of the pattern will be destroyed. This also
implies the need to mechanically and acoustically isolate
the exposure apparatus. This is typically done by placing
the apparatus on a vibration isolation bench which is
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usually fabricated from a resonance damping honeycomb
structure with two stiff steel plates epoxied to the top and
bottom. This table top is then floated on legs with
compressed air bladders to isolate it from the vibrations in
the floor. The apparatus is usually enclosed in some sort
of hood to prevent refractive index variations, due to air
density variations, from altering the beam pointing during
exposure.
It is also desirable to match the intensity of the two
interfering beams so as to maximize the contrast ratio of
the fringes. Fringes with high contrast produce photomasks
with high aspect ratios, which lead to large coupling
coefficients.
One other practical aspect of holography is that it is
sometimes necessary to use spatial filters to eliminate any
diffraction patterns caused by dust or scratches on the
optics. Spatial filters can be as simple as a microscope
objective with a pinhole placed at the focal plane. The
lens produces an optical fourier transform of the beam
spatial frequency content. By placing a sufficiently small
pinhole at the focal plane of a lens the high spatial
frequency noise in the transmitted laser beam can be
apertured out of the transmitted beam. This high frequency
noise arises from dust, scratches and fingerprints on the
optics.
Assuming one has an acceptable holographic exposure set
up, one takes the
GaAs wafer and spin coats photoresist onto
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it. This is put in an oven and prebaked. The wafer is then
placed in the exposure fixture and exposed to the fringe
pattern. The photoresist is then developed and washed.
After drying the wafer is ready to be etched.
6.5) Etching of Photomasks into AljGa^As
The two most popular ways of etching a grating into a
GaAs wafer seem to be plasma etching (reactive ion etching)
and wet chemical etching with the photomask aligned along a
slow etching plane and an anisotropic etchant. The wet
etching technique is limited to producing grating profiles
which are determined by crystal geometry (usually saw tooth
profiles) .
Reative ion etching is a type of anisotropic etchant
which can produce very high aspect ratios in GaAs and AlxGa(1.
xAs. A low pressure plasma etch using CCl^F^He at a
pressure of around 20 mTorr with a 13 Mhz Rf field of
between 100 and 500 v is typical of an anisotropic plasma
etch which would be appropriate for transfering the
photomask pattern into the AljGa^As76. [Experimentally it
has been determined an isotropic plasma etch will not
transfer the photomask pattern into the epitaxial layer very
well] .
The profile of features etched with plasma etching can be




This could be used to optimize the grating profile with
respect to the coupling coefficient /cc.
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7.0) Proposed DFB Laser Diode Configurations
In this section we will consider two configurations which
utilize the advantages of DFB surface emitting laser diodes.
The proposed configurations combine the best features of a
number of different devices (surface emitting DFB, multiple
quantum well active layer, buried heterostructure, etc. )
and some integrated optics ideas in what are hopefully novel
and useful ways. The advantages of each proposed
configuration will be explained. Then a discussion of the
fabrication processes associated with making each will be
outlined. The first configuration will be called the SELTH
laser diode (surface emitting, low threshold) . The second
configuration will be called the COSELTH laser diode
(collimated, surface emitting, low threshold) .
7.1) Proposed SELTH Laser Diode
The first configuration is seperate confinement
heterostructure (SCH) , surface emitting DFB laser with a
multiple quantum well active layer (MQW) in a buried
heterostructure (for index guiding) with a phase modulating
section for wavelength tuning and a transparent electrode
for the ohmic contact which also acts as an anti-reflection
coating. Fig. 50A shows the device structure for the
SELTH laser diode, Fig. 50B shows a 3D view of the device.
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7.1.1) SELTH Laser Structure
The device is composed of a n-GaAs sustrate with a 2 . 0
/xm thick layer of N-Al pa As followed by a 0.2 /xm thick
layer of N-Al 12Ga 8As followed by a multiple quantum well
active layer consisting of 10 layers of 80 A thick Ga 9(A1 qAs
quantum wells sandwhiched between 11 barrier layers of 80 A
thick Al34Ga6(As. The MQW active layer is followed by a . 2
/xm thick P-Al 12Ga 88As layer which the grating is etched into
(for the DFB section, but not in the tuning section) . A
P-
Al fia As layer is grown on top of the grating and a p-GaAs
layer is grown to facilitate ohmic contact. An epitaxial
burying heterostructure is then selectively regrown around
the plasma etched mesa, which contains the DFB and
wavelength tuning section. (This is an involved process but
it has been used extensively for index guided laser
diodes78) . An ITO or CTO transparent electrode material is
then deposited with a thickness which is an odd integral
multiple of AIaser/4 to allow ohmic contact and act as a anti-
reflection coating. A gold-zinc or chrome contact must be
contacted to the ITO (or CTO) electrode since one cannot
wirebond directly to ITO or CTO79. The contact for the
wavelength tuning section can be Au-Zn, Cr, ITO, or CTO.
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7.1.2) Advantages of The SELTH Laser Diode
The N-Al 12Ga 8As and P-Al 12Ga gAs layers form the
seperate confinement heterostructure which acts as a
waveguide and eliminates non-radiative recombination
currents at the active layer interface. The use of two
layers with equal thickness and equal composition for the
SCH provides for a symmetrical intensity distribution in the
waveguide. By making these layers very thin the light in
the waveguide is strongly coupled to the grating on the
P-
A1.iPa.sAs
The use of a MQW active layer will provide a low
threshold current and will reduce the dependence of the
threshold current on temperature. If the threshold can be
reduced below 1 ma it may be able to be used as a
thresholdless device. It also decreases the heat disipation
in the device due to the ohmic heating caused by the
threshold current. The quantum well structure increases the
optical and carrier confinement in the active layer compared
to bulk active layers.
The use of a second order DFB grating will allow some of
the light to be coupled out of the laser perpendicular to
the active layer. This will permit a symmetrical (square)
output beam (150 /xm by 150 /xm) with a low divergence
(approximately 1 degree) to emerge from the top face of the
laser. The grating feedback
stablizes the output wavelength
of the device with respect to temperature so that over the
normal operating range of temperatures the laser is nearly
athermal and does not mode hop to other wavelengths. This
is critical for applications which require coherent, single
frequency monochromatic light (coherent fiberoptic
communications, HOE lenses) .
The surface emission configuration combined with the
index guiding buried heterostructure will eliminate or
greatly reduce the astigmatism inherent in standard laser
diodes. (Astigmatism is the tendency of light emitted
parallel and perpendicular to the laser diode active layer
to appear to come from different points in the laser diode) .
Besides using the index guiding feature to reduce
astigmatism the fact that the light is emitted from the
active layer which is less than . 2 /xm thick tends to
eliminate the possibility of light emerging from different
depths in the crystal. The low divergence coupled with
elimination of astigmatism will allow this type of laser to
be used in many applications without a collimating lens.
By optimizing the grating profile the light output from
the top of the chip can be made uniform. This is the case
of critical coupling /cX
= 1 (or it can be peaked in the
center if it is overcoupled /cX > 1) . The uniform output is
useful in laser printing and other illumination type
applications. Another advantage of the surface emitting
configuration is the possibility of higher output power
levels. This is due to the fact the light at the output
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facet (top surface) is spread over a much larger area in a
surface emitting device than it is in an end emitting laser.
The maximum power emitted by a end emitting laser is limited
by the optical damage threshold for the cleaved facet
lasers. Typically, a cleaved facet laser has an output
aperture of 5x.2 /xm (aperture area=1.0 /xm2) whereas a
surface emitting laser with an output aperture of 150x150 /xm
has a aperture area of 2.25xl04 /xm2. The factor of 2.25xl04
difference in surface area will allow for a much higher
damage threshold for high power lasers. Surface emission is
ideal for optically based clock distribution for VLSI
circuits as described by Goodman,
et.al.80
The wavelength tuning feature is extremely useful in that
it is necessary to suppress the device from operating with
two output wavelengths and it allows for adjustment of the
laser operating wavelength. [Suppressing the second output
wavelength can also be done by removing 1/2 of a grating
period as described previously] .
The room temperature output wavelengths of batches of
commercially available laser diodes vary about their nominal
value by + 5 nm. This creates a need to utilize achromatic
(wavelength insensitive) optics (or individually adjusting
for different laser wavelengths) when making large
quantities of devices using laser diodes. If the device is
tunable over a range of 50 A (=5 nm) then regardless of
the untuned wavelength the devices can be divided into two
(or possibly three) batches so that they may be dropped into
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various systems with two batches of unachromatized optics
designed for two A's and perform as expected. This is
especially important for the use of SELTH laser with HOE's.
Wavelength tunability also allows for the SELTH lasers
use in wavelength multiplexed fiberoptic communication
systems where multiple lasers operating at slightly
different wavelengths are coupled into a fiberoptic cable.
When they are recieved at the other end of a fiberoptic
cable they are dispersed (probably with an integrated optic)
so each laser's transmission can be monitored seperately.
This allows parallel transmission of data through the same
fiberoptic cable.
The buried heterostructure feature forms an index guided
laser. Index guided lasers have reduced astigmatism and
allow for symmetrical output beams. The output divergence
angle in an index guided laser does not change with laser
output power level as it does for some gain guided lasers.
The buried heterostructure provides optical confinement
of light in the waveguide. By continuing the etched
gratings beyond the current driven region of the active
layer the gratings can contribute to the optical isolation
by scattering light out of the waveguide. These facts can
be used to make one and two dimensional arrays of laser
diodes which can be modulated seperately from each other
without optical or electrical cross talk. This can be very
useful for applications such as multiple beam laser printers
(which write 3 or 4 images at once) , optical computing
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(where a two dimensional array of laser diodes could be used
for matrix manipulation) and multiple laser optical disk
heads (one laser for writing on the disk, one for reading
off the disk) . If the devices are to be diced into
individual lasers the edges are rough sawn so as to prevent
optical feedback from the facets.
The SELTH laser is optically much more similiar to gas
and solid state lasers than commercially available laser
diodes. It has the added advantages of very high quantum
efficiencies (due to the MQW active layer) , low power
consumption (due to the low threshold current and high
quantum efficiency) , smaller thermal dissipation
requirements, a major decrease in package size relative to
NdrYag, HeNe or Argon lasers and potentially higher output
powers than presently available in single frequency
commercial laser diodes (due to the large output aperture) .
[However, there are tradeoffs between high quantum
efficiency and high output powers which must be considered. ]
7.1.3) Fabrication Process for the SELTH Laser Diode
The fabrication process starts with a n-GaAs substrate.
Since the device structure includes a MQW active layer
either MBE or MOCVD must be used for at least part of the
growth process. Since it is desirable to avoid meltaback of
the grating LPE would not be used
for the layers after the
grating is formed on the
P-Al12Ga88As. Due to these
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restrictions it would be desirable use MOCVD or MBE for the
whole growth process. For remainder of this section we will
assume the use of MOCVD growth since it seems to be the
faster of the two growth techniques. However, either
technique will work so one may substitute MBE for MOCVD if
desired. For this section the n type dopants are assumed to
be Si or Se and the p type dopants are assumed to be Zn or
Mg. This device can be made to operate at 830 or 780 nm.
Presently, we will assume 830 nm device operation.
The substrate is inserted into the MOCVD growth
apparatus and a 2.0 /xm thick layer of N-Al fia As is grown.
This is followed by a 0.2 /xm thick layer of N-Al 12Ga 88As for
the SCH. A MQW active layer composed of alternating layers
of P-Al ^a 6As and p-GaAs is grown using 11 P-Al ^a 6As
layers 80 A thick and 10 layers of p-Ga 9A1 qAs 80 A thick.
The active layer is followed by the 0.2 /xm thick P-Al 12Ga gAs
layer used as the other half of the SCH structure.
The wafer is then removed from the MOCVD apparatus and
cleaned. A photoresist layer is spin coated onto the wafer
to form the grating in. Shipley AZ 1350 positive
photoresist has been used sucessfully for this. In this
instance a linear grating is used so the holographic
exposure apparatus would be similiar to that shown in Fig.
51. In this configuration a collimated laser beam is
incident on a prism which bends each half of the beam to be
incident on the wafer symmetrically (0a
=
-02) . The desired
grating period is .2311 /xm (for
A=.83 /xm) . If an argon ion
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laser is used with at a wavelength of 459 nm and if a index
matching oil with a refractive index of n=1.6 is used the
angles of incidence for the laser beam are 0=38.17. At this
wavelength the photoresist exposure requirements are around
200 mj/cm2. The photoresist is then developed in the AZ
developer, rinsed in distilled water and dried.
The photomask must now be transfered into the P-
Al 12Ga8As layer using reactive ion etching. The wafer is
inserted into the RIE etcher and a plasma using CI as the
reactive ion is used to etch the photomask pattern into the
DFB section.
The wafer is then reinserted into the MOCVD reactor. A
2 . 0 /xm thick layer of P-Al fia As is grown over the grating.
This is followed by a 1.0 /xm thick layer of p-GaAs used to
facilitate the ohmic contact. The device is then removed
from the MOCVD reactor.
A Si02 or Sigt^ layer is grown over the wafer using a CVD
process. A photomask is formed over the DFB and wavelength
tuning section and the structure is etched down to the
n-
GaAs substrate. The device is reinserted in the MOCVD
apparatus and an epitaxial burying layer of N-Al ^Ga As is
grown around the mesa. The epitaxial layer will not grow on
the Si02 or Si^4 layer and will only
grow around the mesa.
The growth is stopped when the burying layer is even with
the top. The burying layer provides the index guiding
feature and helps to optically isolate the individual lasers
from each other. The wafer is removed from the MOCVD
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apparatus and the Si02 or Si ^4 layer is removed.
Another layer of Si02 is formed and windows are opened
over the DFB section to allow for the ohmic contact.
A thin (20 A) layer of chrome is vaccum deposited on the
wafer to reduce the contact voltage associated with the ITO
or CTO transparent electrodes. Then a layer of ITO is
vaccum deposited with a thickness (around 1.5 /xm) adjusted
to be equal to an odd integral multiple of klaser/4nrro so that
it may act as an anti-reflection coating as well as an ohmic
contact. The electrode is then annealed.
Another set of windows is opened over the wavelength
tuning section. Au-Zn or Cr electrodes are formed over the
wavelength tuning section and in contact with the ITO or CTO
electrode to allow for wirebonding to the device.
The wafer is then removed from the vaccum deposition
apparatus and tested for yield. The wafer is scribed and
broken into individual lasers or small arrays of lasers
(depending on the application) . The devices are soldered to
a heat sink and a wire bond is made to each (just outside
the emission aperture) . The packaging is completed and the
lasers are ready for use.
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7.2) Proposed COSELTH Laser Diode
The idea behind the COSELTH laser diode is to provide an
expanded and exactly collimated beam with it's divergence is
limited only by diffraction. It is also desirable to clean
up any non-uniformities caused by imperfections in the laser
structure or tendencies for the laser to lase in filaments.
7.2.1) COSELTH Laser Structure
The structure of COSELTH laser is the same as that of
SELTH with the exception that a diffractive lens is
incorporated between the Al fia As layer and the p-GaAs layer
(see Fig. 52) . This type of diffractive lens would be a
surface relief type lens of the type refered to as a blazed,
bleached, binary lens, a digital hologram or as a kinoform.
The diffractive lens in this layer will have the
collimated wavefront diffracted by the linear grating
adjacent to the active layer incident on it. It will focus
the collimated wavefront to a point outside of the laser.
The diffractive lens is formed from a series of linearly
ramped grating teeth etched into the P-Al fia As by a multi
level photomasks as described by Logue and Chislom81. In
the diffractive lens technology a series of binary chrome on
glass masks are made and then contact printed onto
photoresist on the wafer. Each layer is then etched before
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another level of the mask is contact printed and etched.
Between 4 and 16 masks can be used to approximate the
parabolic refractive index profile necessary for 100%
diffraction efficiency- Normally, a stepped linear ramp
surface relief is arrived at which approximates the
parabolic profile. 16 mask level kinoforms can have up to
99% diffraction efficiency.
The laser diode is affixed to a glass plate with a
metallized ring for ohmic contacting coated on one side.
The other side will coated with an opaque material (metal or
an absorbing material) which has had a small hole which is
aligned to the center of the metal contact ring on the other
side of the glass plate. This hole will act as a spatial
filter if the thickness of the glass plate is adjusted to be
at the focal point of the diffractive lens. This is because
the diffractive lens acts as an optical fourier transform
lens for the incoming beam and the high frequency noise in
the laser beam is imaged where it is obstructed by the
aperture formed on the back of the glass plate. The size of
the aperture can be calculated by considering the equation
for the diffraction limited spot size formed by a lens with
a given focal length, ie.
SS = cAfl./Dbeam
where
c = constant which depends on the desired
degree of obscuration (typically 1.5 to 2.5)
fl. = focal length of the diffractive lens
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Dbeam
= diameter of the beam on the diffractive lens
(150 /xm in this case)
If a focal length of 1 mm is chosen and c=2 . 0 the aperture
diameter is 11. 1 /xm. There is a trade off between the
amount of beam clean up desired and the reduction in power
caused by decreasing the aperture size.
The light exiting the aperture is then recollimated into
a beam whose size is determined by the focal length and
numerical aperture of the diffractive lens and the
collimator used. For instance if the output from the
diffractive lens had a numerical aperture of .5 and a F/l
collimator lens with a 5 mm focal length is used the output
beam is 5 mm in diameter. Shorter or longer focal lengths
can be chosen with corresponding smaller and larger output
beam diameters. If a zooming collimator lens is used the
output beam diameter can even be made adjustable.
The collimator lens can be made as a surface relief
diffractive lens in plastic, as a standard glass lens or as
a volume holographic lens (using dichromated gelatin or
photopolymer as the holographic medium) . The use of
holographic or diffractive collimator lenses makes the
device less expensive and easier to package. Fig. 53 shows
various configurations using holographic and glass lenses
for collimators.
A similiar end product to COSELTH laser can be achieved
by aligning a SELTH laser to holographic, diffractive, or
glass lenses external to the laser as shown in Fig. 54. A
integrated diffractive lens in the laser diode makes
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alignment of the assembly simpler.
7.2.2) Advantages of the COSELTH Laser
The advantages of COSELTH laser are the same as for
SELTH laser plus those mentioned above. That is a expanded
beam with a smooth intensity profile. The collimation of
this type of system can result in beam divergences on the
order of milliradians. This laser then has a stable
wavelength, high quantum efficiency, a collimated output
whose wavefront errors are comparable to those of gas or
solid state lasers, a smooth and uniform intensity
distribution and a package size that can be as small as a
cube 5 mm on a side. It is also inexpensive to produce
compared to the gas and solid state lasers it could compete
with.
7.2.3) Fabrication Process of the COSELTH Laser Diode
The fabrication of the COSELTH laser is the same as for
SELTH laser except that the wafer is removed from the MOCVD
apparatus after the growth of the P-Al fia As and a series of
binary masks are contacted printed and etched into the wafer
to form the surface relief lens (see Fig. 47B) . The device
is then reinserted into the MOCVD reactor and the p-GaAs
layer is grown. The remainder of the process for the SELTH
laser is completed until the wire bonding step, at which
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point the COSELTH laser is centered on the metal contact and
aligned to the spatial filter aperture. [It is unnecessary
to apply a metal electrode to the COSELTH laser since it is
contacted to the electrodes on the glass plate. This would
allow the use of ITO or CTO electrodes on the wavelength
tuning section and eliminate a processing step on the body
of the laser. ] Finally, the collimator lens is aligned to
the output from the spatial filter and the aligned device is
sealed in its package. If a diffractive or holographic lens
is used the alignment is a simple centering of the lens on a
fixed height spacer.
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8.0) Experimental Work at Kodak Research Labs
When first considering this thesis it was envisioned as
a combination of research and experimental work. The
experimental tests were to be conducted at Kodak Research
Labs in cooperation with the Compound Semiconductor research
group which is run by Dr. Dan Abbas. I was to be
familiarized with the various processes used in making laser
diodes at KRL. Then a series of tests were to be conducted
involving coating photoresist onto GaAs wafers at KRL and
holographically exposing the wafers in my lab to create
photomasks. The photomasks were to be etched into the GaAs
wafers using plasma or wet etching at KRL. If this process
could be perfected LPE was to be used to create a DFB laser
structure on which I would fabricate a holographic photomask
which would be etched into the wafer via plasma etching. We
would then grow the remaining layers with LPE or MOCVD (if
available) , apply an ohmic contact, scribe, break and test
the lasers.
The people at KRL were helpful and I would like to thank
Dr. Dan Abbas and all the members of his lab. I was able to
observe a number of the processes (LPE, plasma etching,
Si3N4 deposition, photoresist application via spin coating,
metalization, scribing and breaking of substrates, etc.) in
use at KRL.
We were able to fabricate holographic etch masks on GaAs
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wafers and we were able to observe the grating pattern in
photoresist on the wafer with a scanning electron
microscope. However, when we tried to use an isotropic
plasma etch we found the grating features were not
transferred into the wafer. Further investigation indicated
that an anisotropic etching process is desirable. Plasma
etching using reactive ion etching seems to be the
appropriate technology. G. Rajeswaran was building an
isotropic reactive ion etching facility at KRL at the time
which has since been completed. Some consideration was
given to building an anisotropic RIE etcher, but it is not
completed.
In the end, lack of time and lack of a RIE etching
facility made it impossible to complete the experiments.
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9.0) Conclusion
In this paper a number of device physics considerations
for distributed feedback lasers were investigated and
compared to those conditions associated with cleaved facet
lasers.
A brief discussion of the applications of DFB/DBR lasers
was followed by a discussion of optical propagation in
semiconductor waveguides, including the effects of
diffraction gratings used for optical feedback.
The conditions necessary to achieve lasing in a cleaved
facet laser diode were compared to those for a DFB laser
diode. Consideration was given to the effect of the
coupling coefficient kc on the threshold current for a DFB
laser diode.
A discussion of heterojuctions and heterojunction physics
was follwed by an overview of epitaxial growth technologies
associated with double heterostructure laser diodes, and
quantum well devices.
The use of electron beams and holography to from
photoresist etching masks with sub-micron features and the
subsequent transfer of those features into the semiconductor
substrate via plasma etching was discussed.
Finally, two device structures which produce surface
emitting DFB laser
diodes with stable output wavelengths and
a number of unique optical improvements in the output beam
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were proposed. The fabrication processes for these
structures were outlined.
The use of DFB or DBR lasers has the potential to bring
the stability and optical quality available from gas
and
solid state lasers together with the small size, low cost,
high reliability and high efficiency of laser diodes.
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Fig. 2) Cross Section of the DFB-PPIBH Laser diode (Ref. 49)
Fig. 3) Surface Emiting
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Fig. 6) Intensity distribution of
various guassian
propagation modes (Ref. 25)
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Fig. 7) Electromagnetic field propagating in a lossless
dielectric medium [within the active layer]. (Ref. 5)
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Fig. 8) Electromagnetic field propagating in a lossy medium.
The field is attenuated as it propagates further into the
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Fig. 9) Electric field intensity vs. distance A) the effect
of varying x in the surrounding layers B) the effect of
varying active layer thicknesses C) first three propagation
modes for a given d and x. (Ref. 5)
Fig. 10) Definition of polarization directions A) P

















Fig. 11) Phase shift vs 6j for
S and P polarized light
Fig. 12) Phase Conditions for propagation in a





Fig. 13) Ray reflection at dielectric interface
with
Goos-
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Fig. 14) Full width
beam divergence vs. active layer
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Fig. 16) Index guided, buried heterostructure laser diode
(Ref. 25)
Fig. 17) Rectangular aperture (Ref. 16)
Fig. 18) Intensity distribution resulting after diffraction
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Fig. 19) Electric field amplitude vs. position along a DFB


















Fig. 20) Threshold gain vs. deviation from Bragg frequency
for a DFB laser. (Ref. 28)
Fig. 2j ) Effect of coupling parameter (/cc) on intensity






























Fig. 2a.) Tunable wavelength DBR laser diode (Ref. 34)
n3<n2





Fig. 23) A) Periodic corrugation in a DFB waveguide
B) condition for constructive interference for light




















Fig. 24) Diffracted directions for various order gratings
(Ref. 5)
Fig. 25) Blazed grating
with triangular profile
Fig. 26) A) SCH DFB laser diode formed using LPE
(Ref. 39)
B) SCH DFB laser diode formed using LPE and MBE (Ref. 40)
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Fig. 27) Light propagating in an optical resonator (Ref. 5)
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Fig. 29) Effect of coupling coefficient on external loss and











Fig. 30) Quantum Wells (Ref. 53)
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Fig. 31) Density of states and electron energy
vs. momentum
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Fig. 35) Energy gap (Eg) vs. mole
fraction (x) (Ref. 5)
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Fig. 36) Band structure
of GaAs for various interband

























Fig. 37) Aburpt p-n junction at equilibrium A) charge
distribution B) electric field C) built in potiential
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Fig. 39) Energy band
diagrams for a p-N and a n-P
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Fig. 42) Liquid phase epitaxy (LPE) apparatus (Ref. 5)
































p-AIGaAs (0 2^m. 3x1017cm-3)
UNDOPEO GqAs(Lz 6 nm)
n-AIGaAs I0 2^m, 3x1017cm"3)
n- AI.Go^.As (1 3^m, 1 x 1018cm 3|
GaAs (15 nm)- AIGaAsMb nm ) (5 + b)
n-GaAs (3 0 ^m. 2 xi018cm 3)
"jrv^;
A'.Gol.As (x =0 I)
Al0 1BGaUBi;Al
GaAs
Fig. 45) GRIN-SCH laser diode A) device structure
B) graded energy gap caused by parabolic modulation of the

































Fig. 48) Amplitude modulated holographic optical element
with positive focal length (Ref. 12)
Fig. 49) Computer generated
hologram (CGH) and optical
configuration for copying CGH's
















Fig. 50A) Structure of the SELTH laser
diode
Fig. 50B) 3D view of the SELTH laser diode and an array of 4
SELTH laser diodes
H SEV.TH




( DlciT-ert >,H->Ty ^
r~











P_ /,( f$^>7 A> -^.O^n
! P-AL, l. 5<T.gy/4-.; o.z^
N -AI.it $9 fft*s >*.**
\H-h\*<*>
\
Ifi^Qzfc $ at srr^,r<s-
52A) Structure of















Fig. 52B) Metalization masks for attached glass plate and
array of 4 COSELTH laser diode
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Fig. 54) SELTH laser
diode with external optics to produce
collimated output.
